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GENERAL INTRODUCTION 
Whitebreast Creek is one of the main tributaries of the 
Des Moines River in south-central Iowa. This creek runs 
northeast and drains into the Des Moines River, which in turn 
is one of major tributaries of the upper Mississippi River 
system in North America. Whitebreast Creek and its 
tributaries such as Little Whitebreast, Indian, Stony, and 
Brush Creeks form a major watershed in Lucas and Clark 
Counties. Whitebreast Creek at location number 29 (Figure 1) 
drains 630 km^. 
Because of the relative extent and presence of 
complicated Pleistocene events in this part of the state, the 
time, rock, and soil stratigraphy of the sediments of this 
watershed are also complicated and need further investigation. 
Such investigation can help to better understand the soil-
geomorphic relationships and landscape evolution and 
development and also to better understand water quality in the 
watershed and the surrounding areas in southern Iowa. 
The physiography of Whitebreast Watershed is strongly 
incised by fluvial dissection resulting from geomorphic 
processes. Hence, a well developed drainage network is the 
outcome. The landscape of the watershed is generally 
characterized by narrow uplands, rolling hillslopes, benches 
or loess-covered terraces (LCTs), and modern floodplains. The 
2 
Stantf t^tsr 
CHUfirON 
p./oty R.zity. 
Figure 1. Lucas county streams (location No. 29 for 
determination of Whitebreast drainage area is shown 
by an asterisk and also the approximate location of 
the study area is shown by a star). Streeun map is 
from Larimer (1974). 
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LCTs occupy the main valleys. The old valley fills of the 
LCTs occupy extensive portions of the main valleys. 
These old valley fills of the loess-covered terraces, 
which are formed in the Pleistocene, are adjacent to the 
younger valley deposits or modern floodplains along 
Whitebreast Creek. The old valley fills or LCTs exist 
throughout southern Iowa on both Mississippi and Missouri 
drainage areas. Locally, these terraces are called benches 
and a major loessial soil, which is mapped on the narrow and 
broad divides of their modern surfaces, is Pershing Bench-
phase . 
The soil and rock-stratigraphic relationships of these 
terraces to the upland and to the rest of the soil-geomorphic 
system are not well understood. Therefore, to better 
understand these relationships, this study was initiated in 
cooperation with the Soil Conservation Service (SCS) and 
National Soil Tilth Laboratory (NSTL) of the USDA and Iowa 
State Geological Survey Bureau (IGSB) with the following 
objectives. 
Objectives 
1. To study the subsurface soil and rock-stratigraphy of 
the Pleistocene sediments with emphasis on old 
valley fills of the loess-covered terraces (LCTs). 
4 
2. To study the genesis of the soils developed on the 
geomorphic surfaces in the Pleistocene sediments. 
3. To attempt to develop a correlation from site to site 
and to devise a stratigraphic framework from upland 
through stepped erosion surfaces toward the loess-
covered terraces. 
Format of Dissertation 
This dissertation was divided into two parts. Each part 
was written in the following format. The format included a 
gereral overview, an introduction, materials and methods, 
results, discussion, and conclusions. Lists of the tables and 
the figures are included after the table of contents. The 
figures and the tables are numbered separately for each part. 
A general list of the references is included at the end of the 
dissertation. Almost all the tabular data and figures are on 
separate pages with additional data and morphological 
descriptions compiled in the appendices. A general 
introduction discusses the objectives for the research. A 
general summary and conclusion are given at the end of the 
dissertation. 
5 
PART I 
SUBSURFACE STRATIGRAPHY IM WHITEBREAST CREEK WATERSHED, SOUTH-
CENTRAL IOWA 
6 
GENERAL OVERVIEW 
Detailed information about the subsurface stratigraphy 
and depositional environments of the loess-covered terraces 
(LCTs) in the major watersheds in south-central Iowa is 
generally not available. Thus, the subsurface stratigraphy, 
paleogeomorphic surfaces, and paleosols along a 4.6-km 
transect from a primary divide on the upland to the LCTs or 
benches were investigated in the Whitebreast Creek Watershed 
in southern Iowa. Thus, this study was initiated with these 
objectives: (1) to study the rock or rock-stratigraphy of the 
Pleistocene sediments with emphasis on the stratigraphy of the 
loess-covered terraces, (2) to study the geomorphic surfaces 
and the pedogenically altered materials or paleosols, (3) to 
correlate and develop a soil and rock-stratigraphic framework 
for the upland through stepped erosion surfaces to the LCTs. 
The land-surface elevations and macromorphology of each 
sampling site were determined. The pH, particle size analysis, 
and <2-nm clay mineralogy were also analyzed. The results 
showed Wisconsin loess with its Basal Loess (BL) increment 
overlies a major soil-stratigraphic unit of a Yarmouth-
Sangamon (YS) paleosol on the primary divide of the upland. 
The YS paleosol is formed mainly in pre-Illinoian till. The 
overlying Basal Loess is estimated to be 18,000-19,000 
radiocarbon years before present. A weakly expressed 
paleosolum in the basal loess, formed in early Wisconsin time. 
7 
showed evidence of involution. The Late-Sangamon (LS) 
paleosols occur on the erosion surfaces and the LCTs. 
Collectively, these paleosols are polygenic, welded, and 
formed in multiple parent materials. Erosional sediments or 
pedisediment blanketed the paleo-landscape from the secondary 
divide to the erosional surfaces to the LCTs in the valley. 
The stratigraphy of the materials underlying the LS paleosols 
and Pre-LS materials suggests that three stratigraphically 
distinct LCTs formed in the valley. Each of these terraces has 
a hiatus in sedimentation of the valley, as evidenced by 
distinct colluvial-fluvial depositional environments. The high 
LCT level is formed in colluvial-alluvial and till-derived 
sediments. The middle LCT is mainly composed of a clayey 
sediment with a thickness of about 12 m and several meters of 
till-derived sediments in the deepest parts. The low LCT is 
formed in a sandy alluvium with a thickness of 11 m. The whole 
sequence overlies a Pennsylvanian shale bedrock. 
8 
HISTORICAL BACKGROUND AMD LITERATURE REVIEW 
First, an overview of bedrock geology, Quaternary 
geology, and stratigraphy of southern Iowa will be presented. 
Then, the review continues with more details about the 
identification, types, and importance of paleosols in 
Quaternary stratigraphy, with emphasis on Iowa. Finally, the 
overview ends with a case study and a summary. 
Bedrock Geology 
The uppermost bedrock in Lucas and Clark Counties in the 
areas that is drained by Whitebreast Creek is siltstone, 
shale, sandstone, coal, and limestone of the Marmaton and 
Cherokee groups of the Pennsylvanian system (Hershey, 1969). 
These materials were deposited in fluvial, deltaic, and marine 
environment during periods of transcontinental seas, as stated 
by Bettis and Littke (1987). In early advances of the 
glaciers in southern Iowa, some soft rocks such as shale, 
coal, and siltstone were incorporated into the till and 
outwash. This mixing effect will be addressed during this 
study after discussion of the stratigraphy of materials 
overlying the shale bedrock. Quaternary stratigraphy is the 
main concern here and is reviewed in the next section. 
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Quaternary Stratigraphy 
Whitebreast Creek watershed has a complicated Quaternary 
geology and stratigraphy. Pennsylvanian rocks are overlain by 
Early and Middle Pleistocene glacial tills (diamictons), 
associated outwash, and interglacial alluvium, colluvium, and 
loess (Bettis and Littke, 1987). The continuity of the 
original sediments and the extent of incorporation are 
strongly influenced by erosion activities of glaciers and the 
results are complex subsurface sediments in the watershed. 
Time, rock, and soil stratigraphic nomenclature of the 
Pleistocene series of east-central and north-east of Iowa is 
shown in Table 1. The Wisconsin stage consists of 
undifferentiated Wisconsin loess. The radiocarbon dates of 
the Basal Loess paleosols in Iowa range from 16,500 to 30,000 
radioactive years before present (RCYBP). These soils are 
weakly developed and are formed in the basal increments of 
Wisconsin loess with A/C and/or A/Bw horizonation. 
On uplands in Madison County in southern Iowa, the Basal 
Loess paleosol is dated at 21,000 to 22,000 RCYBP (Woida, 
1991). The weakly expressed paleosols are attributed to slow, 
but constant, loess deposition in Wisconsin time. Woida's 
calculation of the average rate of deposition ranged from 0.9 
to 4 cm/100 years. 
Underlying the Wisconsin loess, there is a series of 
sediments including Late-Sangamon pedisediment, alluvium. 
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Table 1. Stratigraphic nomenclature for east-central and 
north-east Iowa (from Hallberg, 1980). 
Time Stratigraphy Rock Stratigraphy Soil Stratigraphy 
WISCOXSINAN STAGE Wisconslnan loess * 
(undl f ferenti ated) 
Basal loess * 
paleosol 
13 
6 
SANGAHOK 
through 
YAPKDltTHIAN 
STAGES 
unnamed sediments; * 
Includes 
Late-Sangaman 
Pedisediment and 
Alluviun, and 
Yanno ut h-S a ng amo n 
sediments. 
Late Sangamon and 
Yarmouth-Sangamon 
Paleosols 
Ul 
5 
O 
0 
h— 
CO 
Ul 
_J 01 
PRE-ILLINOIAH 
STAGES 
(ur.d1fferentiated) 
WOLF CREEK i=ORHATION 
(including unnamed, 
undifferentiated sediments) 
Hickory Hills Till Member 
Aurora Till Hember 
Wvnthrop Till Member 
Oysart Psleosol 
unnamed peat and 
organic paleosols 
Westburg Paleosol 
VI 
C 
3 
U 
o. 
u 
L. 
ALBURNETT FORMATION 
unnamed sediments 
unnamed till members 
t 
o 
£ 
c 
* Infonnfil nanves. 
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Yamouth-Sangamon, and till sediments. Underlying the Basal 
Loess paleosols, there is a series of soils mainly formed in 
pre-Illinoian tills. From the youngest to the oldest, they 
are Late-Sangamon, Sangamon, Yarmouth-Sangamon, and Aftonian 
Paleosols (Yarmouth soils occur in small corners of south-east 
and western Iowa). In terms of parent materials of these 
soils, however, Late-Sangamon and Sangamon soils may also be 
formed in loess, till and/or till-derived, colluvial-loess, 
fluvial-glacial, and fluvial sediments. Till is very 
important as a source of parent materials in this study. 
Classically, the Pleistocene stratigraphy of southern 
Iowa is divided from the most recent to oldest into Wisconsin, 
Illinoian, Kansan, and Nebraskan stages (Ruhe et al., 1967). 
The classical "Kansan and Nebraskan" till stratigraphy has 
been challenged by Hallberg (1980). After examining deep 
cores, cross sections, and pits from south-central and north­
east Iowa and subsequent laboratory analyses of the samples, 
he proposed a new formal scheme of classification for till 
stratigraphy to replace the classical time and rock 
stratigraphy of Kansan and Nebraskan (Table 1). 
Illinoian glaciation was restricted to a small corner of 
south-eastern Iowa. Hallberg (1980) stated that the previous 
classification of glacial events in Iowa was an over­
simplification of the complex nature of Pleistocene tills in 
the state of Iowa. Therefore, he proposed that until the 
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complete nature of the Pleistocene deposits in the state is 
known, the term pre-Illinoian be applied as the time and 
litho-stratigrahic unit for tills not associated with 
Illionian and Wisconsin glaciation in Iowa. This proposal and 
term are generally accepted by geomorphologists and 
pedologists in the state. This term will also be used in this 
study. 
On the basis of clay mineralogy and particle size 
characteristics, the pre-Illinoian deposits in the state are 
divided into two litho-stratigraphic groups, the Alburnett 
Formation and the overlying Wolf Creek Formation (Bettis and 
Littke, 1987). The Wolf Creek Formation has an average of 
about 60% (range= 50-74%) expandable clays in the clay 
fraction and the older formation, Alburnett, has an average 
expandable clay of about 40% (range= 28-55%) . The amounts of 
kaolinite plus chlorite in the Alburnett Formation are higher 
than those of Wolf Creek and range from 21% to 48%, with an 
average of 32%. Mica percentage of the Alburnett Formation 
ranges from 15% to 35%, with an average of 25%. 
The Wolf Creek Formation mica content is highly variable 
and ranges from 4% to 24%, and kaolinite plus chlorite ranges 
from 14% to 31%. These observations were made on over 400 
samples from these formations. The samples were analyzed 
under similar condition using the method described by Haliberg 
et al. (1978). The method is semi-quantitative and based on 
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intensities of XRD peaks. This approach has been shown to 
have potential problems in estimating clay constituents in 
samples. However the samples were analyzed using the same 
method, thus the comparisons made should be valid. 
The sources of abundant expandable clays in the Wolf 
Creek Formation and abundant kaolinite in the Alburnett 
Formation are not clear. However, the incorporation of 
expandable clays into pre-Illinoian tills from upper 
Cretaceous deposits might be the reason. This incorporation 
could have happened when the glaciers overrode these deposits. 
On the other hand, the same deposits are presumably the source 
of high kaolinite in the Alburnett Formation. 
The other attribute used for till differentiation was 
particle size. It was found to be diagnostic in till 
differentiation. A summary of the particle-size ranges for 
the Wolf Creek and the Alburnett Formations according to 
Hallberg (1980) are as follows: 22-25% clay, 34-41% silt, and 
34-44% sand for the Wolf Creek Formation. These values are 
22% clay, 34% silt, and 44% sand for the Alburnett Formation. 
The Wolf Creek Formation has a higher silt percentage and 
lower sand percentage than the Alburnett Formation. The Wolf 
Creek Formation was subdivided into three members based on 
particle size distribution and carbonate-to-dolomite ratio. 
This formation also includes a variety of undifferentiated 
sediments between tills. They range from fluvial silts, sand 
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and/or gravel to locally fine to gravely sand deposits and 
peat. The Alburnett Formation is not differentiated into 
members. 
Hallberg (1980) stated that color is non-diagnostic in 
till differentiation because almost all the tills in Iowa show 
the same range of color. However, the texture of these 
formations is an important attribute. These or similar 
formations are often reworked and are the source sediments for 
most of the valley fills in depositional landforms of southern 
Iowa. 
During the Quaternary in Iowa, several glacial events 
occurred and are marked by interglacial periods, landscape 
stability, and soil formation. The soils formed during these 
periods are generally called pre-Wisconsin paleosols and are 
used as markers of the presence of pre-existing geomorphic 
surfaces. Among these soils, the Yarmouth-Sangamon and Late-
Sangamon Paleosols are often used as interpretive tools for 
climate and landscape development. They are discussed in the 
next section. 
Yarmouth-Sangamon and Late-Sangamon Paleosols 
Pre-Wisconsin paleosols include all the soils formed 
during the interglacial periods but prior to Wisconsin 
glaciation and loess deposition. These soils have been the 
subject of many pedologic and geomorphic studies in Iowa (Ruhe 
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et al., 1967; Ruhe et al., 1968; and Ruhe, 1969). The most 
recent studies of these soils in Iowa were done by Thompson 
(1986), Woida and Thompson (1993), and Schilling and Stewart 
(1993). 
The recognition and classification of these soils are 
based on relative ages and advancement of pedological features 
such as degrees of clay eluviation-illuviation and weathering 
intensities. For example, Late-Sangamon (LS) soils are often 
developed on pediments (erosion surfaces) on backslopes and/or 
in colluvial-alluvial materials on footslopes. The LS 
paleosols are formed on surfaces which are younger than the 
Sangamon and/or Yarmouth-Sangamon surfaces. Therefore, soil 
formation processes such as advanced leaching, mineral 
weathering, and horizon differentiation in these paleosols are 
not as great as those of the Sangamon and/or Yarmouth-Sangamon 
paleosols. 
Yarmouth-Sangamon paleosols exhibit more advanced 
pedological features. They typically have thick sola with 
high fine clay content and are intensively leached but 
resaturated with alkaline earth metals (Ca, Mg) by percolating 
soil solution. However, sometimes the evidence of 
horizonation is obliterated, presumably by pedoturbation 
and/or overburden pressure or loading effect. Presence of 
significant krotovinas in paleosola has been used as evidence 
of strong pedoturbation (Woida and Thompson, 1993). 
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Potentially, due to the surface stability in Yantiouth-
Sangamon time a great deal of pedogenic differentiation could 
occur in the parent materials. Nevertheless, physical 
reworking by shearing forces, bioturbation, and loading might 
have obscured the pedogenic features by homogenization of the 
paleosola. 
Often, Yarmouth-Sangamon and Late-Sangamon paleosols 
exhibit distinct color difference. This difference often is 
used for their separation and landscape interpretation. 
Yarmouth-Sangamon soils normally occur on pre-Illinoian 
surfaces of broad to narrow upland positions with restricted 
drainage conditions. These soils exhibit loss of Fe and gray 
colors with matrix hues such as 5Y, indicative of low redox 
and gleyed condition for significant periods. 
Late-Sangamon soils occurred on younger geomorphic 
surfaces, often at the margin of upland divides on stepped 
erosion surfaces and/or on high terraces generally with better 
natural drainage. These surfaces are cut below the Yarmouth-
Sangamon surfaces. The soils normally have oxidized colors 
with hues of SYR, 7.SYR, and/or lOYR. The matrix color is 
basically yellowish brown to brown in their paleosola (Ruhe, 
1967). Figure 1 shows the schematic geomorphic relations of 
the Yarmouth-Sangamon, Late-Sangamon, and modern surfaces. 
Several Late-Sangamon surfaces may be present in a given 
stepped landscape and Late-Sangamon soils may be formed on 
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Figure 1. Schemat.ic relation of Yarmouth-Sangeunon/ Late-
Sangamon, and modern surfaces in Adair County in 
southern Iowa (Ruhe, 1969). 
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these surfaces. These relations are shown in an idealized 
pattern in Figure 2. The lower the surface, the younger the 
paleosol. The older surfaces often might have experienced 
different environmental conditions than those of lower younger 
surfaces. This often makes the correlation of the surfaces 
difficult. The unknown interactions of older soil-forming 
factors with those of the new environmental factors is in part 
responsible for this difficulty. 
For example, climate fluctuation from drier to wetter and 
subsequent changes in vegetation from grass to mixed and/or 
forest and/or even deciduous to coniferous forest can have 
significant effects on pedogenesis of soils. These climatic 
changes have occurred in the state. The trends of free Fe, 
Al, Mn, and P fractions in these soils are time-dependent, but 
also their depletion and accumulation are related to 
bioclimates. Many studies of soil chronosequences support 
these general trends with time (Birkeland, 1984). 
Moreover, the term Late-Sangamon paleosol is time 
transgressive and these soils could be formed in a time span 
ranging from 30 to 128 thousand years before present (Harland 
et al., 1990). During this long period, complicated pedogenic 
interactions can be expected to occur in paleosola. This 
complication and dilemma will be further discussed in the next 
section under "Identification of Paleosols", but before that a 
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Figure 2. Schematic relationships of stepped erosion 
surfaces. Notice the relation between the surfaces 
and the paleosols (from Bettis and Littke, 1987). 
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short review of so-called "old valley fills" in terrace 
positions will be presented. 
Pleistocene Terraces 
The stratigraphy and pedogenesis of old valley fills in 
terraces are some of the main interests of this study. The old 
valley fills in these pre-Wisconsin alluvial deposits are 
present in loess-mantled terraces along the major valleys and 
their higher order tributaries in southern Iowa. Bettis's and 
Littke's investigation (1987) of Holocene stratigraphy in this 
region revealed that what is referred to as pre-Late-Sangamon 
valley fills encompass several distinct alluvial fills, each 
with paleosola developed in the upper part. These old valley 
fills in high terraces were deposited during interglacial 
periods and/or after the last pre-Illinoian glaciation of the 
area, but before the deposition of the Wisconsin loess. 
The thickness of these old valley deposits is variable. 
For example, these old valley deposits at the center of Soap 
Creek watershed in southern Iowa have a the thickness of about 
18 m above the present modern floodplain. Their thickness, 
however, decreases upstream. The Wisconsin loess thickness at 
this location is about 2 m and it buries the Late-Sangamon 
paleosols. 
Bettis and Littke (1987) also grouped the Wisconsin and 
Holocene-age fluvial deposits into two formations. These 
21 
formations are formed by overbank flooding and slopewash 
processes. These deposits form the modern floodplains of 
southern Iowa. The following section will cover some 
practical details on the identification, types and use of 
paleosols in Quaternary studies. 
Paleosols, an Overview 
In understanding the stratigraphy of Iowa, paleopedology 
has played an important role. For this reason, the 
identification, types, and use of paleosols in Quaternary 
stratigraphy should receive more attention. 
Identif ication 
The complex nature of soils makes the identification of 
paleosols from geologic and other materials difficult. To 
differentiate paleosols from modern soils, regolith, and 
weathering zones, field and laboratory studies and techniques 
are being employed increasingly in recent years. The reasons 
for this trend are the ephemeral nature and susceptibility of 
many soil features to change and also the similarity of some 
features to the geologic materials and sediments. 
Retallack (1988) has proposed three main features for 
field identification of paleosols. These features are root 
traces, soil horizons, and soil structures. He stated that 
paleo-pedology was essentially a field science but that 
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subsequent laboratory data may clear up more complicated 
questions. His intention was to apply these criteria to 
paleosols older than the Quaternary during which fossilized 
traces of roots could be predominant features of those 
paleosols, especially if the paleosols were preserved under 
unoxic conditions. However, paleosols older than the 
Quaternary are beyond the scope of this study. 
In general in the field, color, structure, traces of 
roots, cutans, sesquioxide accumulations, cementation, 
decalcification and nature of the soil horizon boundaries are 
used to identify paleosols. Decalcification is the most 
common method used in North America and New Mexico (Gerrard, 
1981). For example, in the soils on the Pleistocene 
landscapes with semiarid climate, extensive petrocalcic 
horizons have been formed and so the stages of carbonate 
accumulation are used for their identification. 
Laboratory techniques such as relative proportions of 
primary minerals, total and residual phosphorus fractions are 
also used as guides to trace the degrees of weathering and 
soil formation. Ruhe et al. (1967) in a study of landscape 
evolution and soil formation in southwestern Iowa used the 
light and heavy mineral indices and particle size distribution 
in paleosol studies. 
Amino-acid nitrogen also has been used as an indication 
of biological activity. Extractable Fe and Al are used as a 
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measure of soil formation. Other useful methods are infrared 
spectra of humic acids of A-horizon, pollen, and opal 
phytolith studies. Hence, depending on the degrees of 
complexity of the stratigraphic relations in an area and also 
on the degree of development of a paleosol, a combination of 
these techniques may be used. 
In general, one of the main concerns in the 
identification of paleosols is the discrimination from 
sedimentary materials. Hall (1983) cited several problems 
associated with paleosol identification: 
1- imprecise nature of definitions of soils, weathering zones, 
and sediments, 
2-susceptibility of many soil features to changes after 
burial, 
3- similarity between soils and sedimentary deposits. 
Once identified as a paleosol, it is also important to 
find the type and relation of a paleosol to its environments. 
This relationship will be presented next. 
Tvpea and Relationahips 
Paleosols are commonly divided into three groups: relict, 
buried (fossilized), and exhumed. 
Relict paleosols are formed on old landscapes and have 
never been buried. The distinct characteristic of these 
surface soils is that their pedogenic features are formed 
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under environments different from present and may not be in a 
steady state with the present time. 
Buried paleosols are formed on a previous landscape and 
then buried and never exposed at the surface. The depth of 
burial is a matter of discussion. It could be from a few 
centimeters to depths beyond biological activity. 
Exhumed paleosols are buried and then exposed at the 
surface by subsequent erosion. The extent of truncation by 
erosion varies and parts of the solum may be lost, thus making 
the reconstruction of the exhumed soil a difficult task. 
Exhumed soils commonly are on the shoulder or backslope of 
hillslopes and/or in floodplains. 
The relative stages of development proposed by Retallack 
(1988) are shown in Table 2. Obviously, as features such as 
cutans or caliche are more expressed, they are easier to 
identify. However, the discrimination of a very weakly 
developed paleosol from sediments is not easy. There is a 
greater chance of identifying a weakly developed paleosol, 
once it is deeply buried. 
In strongly developed paleosols, later soil-forming 
processes may be unable to alter characteristics. The extent 
and nature of development of these soils can be correlated to 
the present soil orders in Soil Taxonomy as shown in Table 3, 
according to Retallack (1988). This type of correlation helps 
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Table 2. Stages of development of paleosols (from Retallack, 
1988). 
Stage Features 
Very weakly ttevclopetJ 
Weakly rJcvcloped 
Modctaioly developed 
Strongly developed 
Very strongly developed 
LHlle evidence of so3 devclopmeni apart Iron) root traces;nbundani sedimentnry. metanioipliic. 
or igneous textures rcrnaining.lrom patent material 
With a surface rooted zorx! (A horizon}, as well as incipient subsurface clayey, calcarnous, 
sesquioxidic, or humic. or surface organic horizons, but not developed to Ihe extent thai 
they would quaniy es USOA argilfic, spodic, or calcic horizons or histic epipedon 
With surface rooted zone ond obvious subsurface claycy. sesquioxidic. humic. or calcoteous 
or surlacc organic horizons; qualifying as USOA nrgillic, spodic or calcic horizons or 
histic epipedon. nnd developed to an extent at least equivalont to stage II of calcic 
horizons 
With especially thick, red. clayey, or humic subsurlacx; (B) horizons, or siirlaco organic 
horizons (coals or lignites], or especially well devcloped soil structuie. or calcic 
horizons at stages III to IV 
Unusually thick subsuilaoe (B) horizons, or surface organic horizons (coals or lignites), 
or calcic horizons of stage VI: such a degree of development is mostly found at major 
geologic unconformities 
Table 3. A short key to soil orders of USDA for field identification of paleosols 
(from Retallack, 1988). 
Features Orders 
If paleosol has: It may be: 
Abundant swelling clay (mainly smectite) to a presumed uncompacted depth of 1 m or to bedrock contact, together with hummock and swale 
structure, especially prominent slickensides or clastic dikes. 
Vertisol 
No horizons of diagnostic of other orders, and weak development Entisol 
No horizons of diagnostic of other orders, but weak development Inceptisol 
Light coloration (high Munsell values), thin calcareous layer (calcic horizon) close to surface of profile and developed to stage n or more, or 
evidence of pedogenic gypsum or other evaporite minerals. 
Aridisol 
Organic, well structured surface A horizon (mollic epipedon, usually with evidence of copious biological activity(such as abundant fine root 
traces and burrows) and with subsurface horizons often enriched in carbonate, somtimes with clay. 
Mollisol 
Surface orgnic (O) horizon of carbonaceous shale, peat, lignite, or coal (histic ep.) originally (before compaction) at least 40 cm thick. Histosol 
Thick, well differentiated (A, Bt, C horizons) profile, with subsurface (Bt) horizon appreciably enriched with clay (ai;gillic horizon) and often 
red with sesquioxides or dark humus, and also with evidence for high concentration of nutrient cations (such as Ca, Mg, Na, and K). 
Alfisol 
Thick well differentiated (A, Bt, C horizons) profile, with subsurface (Bt) horizon appreciably enriched with clay (argillic horizon) and often red 
with sesquioxides or daric humus, and also with evidence (such as lack of reaction with acid or abundance of quartz or kaolinite) for low 
concentration of nutrient cations. 
Ultisol 
Thick, well differentiated (A, Bs, C horizons) with sandy subsur&ce (Bs or Bh) horizon enriched with opaque iron and aluminum oxyhydrates 
or organic matter (spodic horizon) always with little or no clay or carbonate. 
Spodosol 
Thick, well differentiated to uniform profile, with subsurface horizon highly oxidized and red, and almost entirely depleted of weatherable 
minerals (oxic horizon). 
Oxisol 
Hotas This kay has b«en eiaplifled for field observation. Precise identification of paleosols and their horizons requires 
lab* work and careful x-efexence to Soil Survey Staff (1975)« 
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one to infer the type of processes and pre-existing 
environments. 
Based on their position in a stratigraphic succession, 
paleosols may be classified as composite, compound, or 
subdivided. A composite paleosol shows evidence of 
polypedogenesis indicating more than one episode of soil 
formation existed as shown in Figure 3(a). For example, in 
Quaternary stratigraphy it is commonly assumed that there is 
an association between an interglacial period and the 
formation of one paleosol. It is evident now that one 
interglacial episode can be associated with more than one 
phase of soil formation (Gerrard, 1981). Composite and 
compound paleosols are often the rule and not the exception 
because of different phases of soil formation during 
interglacial periods. 
Most relict soils are polygenic. Examples of relict 
paleosols are not present in southern Iowa because the 
Wisconsin loess covers the upland and some of the terraces. 
Armstrong soils, which are present on side slopes of uplands 
in southern Iowa, are examples of exhumed paleosols. 
Yarmouth-Sangamon paleosols are good examples of buried 
composite paleosols, but many are also exhumed. 
Multi-story paleosols separated by sediments such that 
they do not overlap are called compound, as shown in Figure 
3(b). However, the third situation is that a composite 
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A horizon of both soils 
ifflm 
-j- Cca horizon of younger paleosol 
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Cca horizon of older paleosol 
(a) 
younger paleosol 
I 'rJ I ' 'i i' )' , older paleosol 
(b) 
post paleosol deposits 
niiiiimnrw 
subdivided paleosols 
Figure 3. Schematic presentation of composite, compound, and 
subdivided paleosols (Morrison, 1978 as adopted by 
Gerrard., 1981) 
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paleosol in one place nay appear as a compound paleosol in 
nearby strata due to sedimentation processes or erosion on a 
local basis. This is called a subdivided paleosol, as shown 
in Figure 3(c). Such a situation commonly is present when 
sedimentation follows a period of soil formation. This causes 
the burial of a previous surface with a new sediment. This 
situation may exist in most of the high terraces in the 
Whitebreast Creek Watershed. 
Many workers have studied the physical and chemical 
properties of paleosols. However, the interpretations and 
deductions should be taken with caution because of potential 
errors. Once buried, a paleosol may undergo various 
distinct chemical and physical changes. Percolating water may 
rapidly change the ionic composition of the exchange sites and 
often raise the pH of buried soils. The new soil environment 
may be distinctly different, therefore, the type and rate of 
mineralogical weathering may also be affected. Hence, due to 
diagenesis present mineralogy may not represent the past. 
In general in soil genesis, the assumption is that soils 
and environment are in balance. As the environment changes 
due to a change in climate, the soils move toward a new state 
of equilibrium. Hall (1983) stated the order of persistence 
of soil-diagnostic features and horizons as follows: 
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1- easily altered features (less than 1000 years to reach 
steady state) are the mollic horizon, slickensides, salic 
horizons, mottles; 
2- relatively persistent features (more than 1000 years to 
reach steady state) include cambic, umbric, spodic, argillic, 
histic, calcic, and gypsic horizons and fragipans; 
3- and finally, self-terminating processes lead to persistent 
features such as oxic or petrocalcic horizons, plinthite 
durinodes, and gypsic crusts. 
So far this section has covered the identification, 
types, and stratigraphic relations of paleosols and some of 
the problems that may be encountered in working with them. 
There are many reasons that both pedologists and geologists 
are interested in paleo-pedology. Paleosols can aid in the 
reconstruction of the past environment. As a result, they are 
useful in reconstruction of climatic fluctuations and 
landscape evolution. They also are good markers of the 
stratigraphic relationship in the Quaternary. These aspects 
will be covered in the next section. 
Use in Quaternary Stratiaraphv 
Among the many uses of paleosols is the subdivision and 
correlation of unconsolidated sediments in the Quaternary. 
This provides data on the lengths of time separating the 
periods of deposition and facilitates short- and long-term 
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correlations. This field of study is called soil 
stratigraphy. Distinguishing the features that are geologic 
from those that are pedogenic in nature is of prime importance 
here. The knowledge of soil-forming processes also is a 
necessary tool to reconstruct the landscape and delineate the 
factors important in the formation of a soil. 
In general, soil-forming processes interact and it 
becomes difficult to isolate the effects of one factor. Most 
pedofeatures represent the integration of the effects of these 
processes. This fact is used in various soil genesis models. 
However, it may be possible to distinguish the main factor 
from those of relatively minor importance. For example, in 
the formation of some petrocalcic horizons, which are 
important in paleopedology, the main factor is acid 
dissolution of autogenic carbonates and percolation of the 
soil solution to the lower parts of profiles. Subsequent 
deposition of the carbonates is due to changes in the soil 
environment, for example changes in soil pH (Birkeland, 1984). 
Nonetheless, a fluctuating groundwater rich in carbonates 
may also have some influence on the formation of this hardpan. 
The main process is still the accumulation or presence of 
calcareous materials and then the dissolution of carbonates, 
downflow, precipitation, and recrystallization of the 
carbonates. Thin section study often provides clues for the 
discrimination of these situations. However, an example for 
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southern Iowa of the usefulness of thin sections in 
discrimination of polygenetic condition in paleosols is the 
work done by Woida and Thompson (1993). This study showed 
that the Yarmouth-Sangamon soils forming a toposequence are 
multistory, composite paleosols in which the upper and lower 
paleosola are welded together. 
In stratigraphy, there are different names for paleosols 
such as pedoderm, geosol, or fossil soil. However, the focus 
here is on the use of soil data as a guide to the age of a 
particular deposit and not to fall into the pitfall of naming. 
The age of a buried and a relict soil can be approximated 
by the stratigraphic position relative to adjacent deposits 
and soils. The degrees of soil formation are often best 
estimated from deeply buried soils because most of the 
pedofeatures might be preserved in that context. Birkeland 
(1984) proposed a few hypothetical models for these 
stratigraphic relationships. These models are schematically 
shown in Figures 4 and 5. 
As shown in Figure 4-B, buried soil "a" and "b" formed 
between units I and II, II and III, respectively. Soil "a" is 
similar whether at the present surface (relict) or buried. 
The major properties of soil "a" are imparted before the 
deposition of the adjacent deposit, i.e. unit II. Therefore, 
the soil processes were stronger prior to deposition of unit 
II, and hence no matter whether present at the surface or 
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Figure 4. The relationship between clay contents of soils and 
deposition units. Unit I is the oldest unit and uint 
III is the youngest unit (from Birkeland, 1984). 
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Figure 5. The relationship between soils and deposition units. 
Unit I is the oldest unit and uint III is the 
youngest unit (from Birkeland, 1984). 
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buried, soil "a" had little difference in its pedogenic 
characteristics. 
The second model is illustrated in section "C" of Figure 
5. In this model the intensity of the soil-forming processes 
after deposition of unit II was high enough to obliterate the 
properties of the soil "b". Therefore, the relict section of 
soil "b" or "a+b" is strongly polygenetic and composite. The 
part of soil "b" preserved as a buried paleosol maintains its 
properties. 
In model "C" the main soil-forming period is the period 
that forms soil "a". Although soil "b" was present on the 
landscape prior to the formation of soil "a," its features 
are masked or changed by the conditions that formed soil "a". 
Such a situation is common once the environment changes. 
In Iowa, post-glacial soils on stable surfaces of the Des 
Moines lobe have indicated the effects of these climatic 
changes, as Walker showed during the study of several bogs on 
Wisconsin till plain in central Iowa (Walker, 1966). 
The necessity of a buried soil to determine the timing of 
soil formation of a surface soil is illustrated in section D 
of Figure 5. In this situation the buried counterparts of the 
soils are absent. Therefore, the soil-forming interval can't 
be proven and the maximum time available for soil formation is 
from when deposition ceased or slowed down to the present 
(Birkeland, 1984) . 
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A good example of the hypothetical model in section B of 
Birkeland's model is the Churchill soils in the Great Basin of 
Western United States (Birkeland, 1984). The stratigraphic 
position and lab data on the relict and buried soils had shown 
the Churchill soil had much less time to form relative to the 
surface soil, yet both are identical in profile morphology and 
lab analyses. Further, it is stated that the clay mineralogy 
was identical and so was the degree of etching of pyroxene 
grains. Therefore, no significant soil development had taken 
place in the paleosolum of the Early Wisconsin deposit since 
the deposition of the adjacent Late-Wisconsin deposit. This 
situation is probably similar to exhumed paleosols in which 
Armstrong soils formed in southern Iowa. They are located on 
eroded sideslopes. 
One possible explanation for the similarity of the 
surface and buried soils (soil-geomorphic example) in the 
Churchill soils is that the soil-forming intervals were 
characterized by unique climatic conditions. A situation 
resulted in accelerated soil formation over a relatively short 
time sequence, whereas the climate between the soil-forming 
interval was not conducive to significant soil formation. For 
instance, when a dry climate was replaced by a wet climate 
accelerated soil formation may occur. 
Another explanation for this similarity between surface 
and buried soils in the Churchill soils is that both surfaces 
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had reached a steady state of equilibrium so that little 
additional change is possible (Gerrard, 1981). However, in 
the areas of frequent climatic fluctuations this explanation 
is less likely. For example, in an area such as southern Iowa 
with frequent glaciatation and interglacial periods or wind 
and/or volcanic deposits this explanation would be less 
likely. 
In interpretation of paleosols not only climatic 
fluctuation but also other factors such as topographic 
position and type and mode of deposition of the overlying 
materials should be considered. For instance, in most cases 
deposition of materials on buried soils is quite sudden. 
However, the possibility that the soil and vegetation can 
continue to develop and incorporate the burying materials must 
not be overlooked, especially if the rates of addition and 
incorporation are slow and/or equal to pedogenic conversion. 
Incorporation of Early Wisconsin loess in some of the 
paleosols primarily developed in pre-Illinoian till in 
southern Iowa was evaluated by Woida and Thompson (1993). The 
rate of loess deposition was slow in Early Wisconsin time and 
this caused soil upbuilding. 
In short, paleosols have been shown to be quite useful in 
subdivision and correlation of Quaternary stratigraphy 
succession in the Mid-continent. Commonly, in Iowa these 
soils have played a key role in the development of Quaternary 
38 
stratigraphic relations. Ruhe was among the first to 
emphasize the need to look at the landscape in space and time 
and the processes involved in formation of landforms that 
comprise the landscape. This means that landscape and its 
stratigraphic components must be investigated in a time 
framework. Therefore, as a part of any subsurface 
stratigraphy study, paleosols should receive a priority in the 
Quaternary studies in southern Iowa. 
Long- and Short-term Correlations 
In correlation the local subdivision may be 
straightforward, however, long-range correlation of units is 
often difficult. Once the local succession of paleosols is 
known and ranked from weakly to strongly developed, then 
within the same sequence correlation can be made. 
Effectiveness of a paleosol as a correlation tool depends 
on a knowledge of the pre-existing soil environment in which a 
sequence of soils was formed. The relative terms of weakly 
and strongly developed are further discussed in Table 2. 
For example, a thin, weakly developed Aridisol in one 
environment can be correlated with a relatively thick, 
moderately-developed Alfisol in another environment. More 
quantitative correlation criteria such as grams of pedogenic 
carbonates and clays have been used and results shown to be 
encouraging if uniform parent materials and a reliable 
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resistant index mineral can be found in such studies (Brewer, 
1976) . 
Case Study of lowan Erosion Surfaces 
One of the best examples of reconstruction of Quaternary 
stratigraphy is from north-east Iowa. This study will be 
quoted because it is recent and possibly the most complete 
stratigraphic succession in the state in such a short transect 
(Figure 6). The "lowan Erosion Surface" covers 
about 1800 km^ in north-east Iowa. This area is covered by 
thin loamy sediments or in places with loess. 
The area had a long history of geological controversy 
over its stratigraphy. Ruhe et al. (1968) used systematic 
drilling to make a three-dimensional reconstruction of 
subsurface stratigraphy in this region. They concluded that 
the Iowa Drift did not exist. Secondly, the lowan drift area 
is a complex of erosion surfaces that cut into pre-Illionian 
tills. This is illustrated in Figure 6. 
Olson (1989) summarized the data on a representative 
transect of a paha onto the lowan drift area as shown in 
Figure 6. Pahas are elliptical hills in the region which are 
capped by a thick Wisconsin loess deposit with interbedded 
sand zones over organic materials. These overlie a Yarmouth-
Sangamon paleosol. This sequence overlies tills of pre-
Illionian age. Downslope, the Yarmouth-Sangamon paleosol was 
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Figure 6. Stratigraphic transect froin a paha summit onto the 
lowan drift plain in north-east Iowa (from Olson, 
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progressively truncated. The Yarmouth-Sangamon paleosol was 
not present over the calcareous pre-Illinoian till on the 
lower areas on the landscape. Therefore, the conclusion was 
that the cores of pahas are the remnant of the erosion 
surfaces containing the most complete Quarterly stratigraphic 
record of the lowan erosion surface (Ruhe et al., 1968). 
Overall, this study revealed the complicated Quaternary 
deposits of Iowa. 
Summary 
In summary, the literature about bedrock geology, 
Quaternary stratigraphy, and the nature of old valley fills 
in Iowa with examples from southern Iowa and Lucas County were 
reviewed. The review also covered the identification, types, 
and importance of paleosols in Quaternary stratigraphy with 
emphasis on southern Iowa. Finally, the review concluded with 
an example of Quaternary stratigraphic succession from 
northeast Iowa. 
Overall, the literature revealed that the subsurface 
stratigraphy is complicated in southern Iowa. The problem is 
even more complicated in old valley fills because of the 
results of fluvial-glacial-colluvial and/or outwash activities 
during and/or post-glacial. Although a great deal of work has 
been done on the stratigraphy of the Pleistocene in southern 
Iowa, more research is needed. For example, the relationships 
42 
of Pleistocene fluvial deposits so-called "old-valley fills," 
to the rest of geomorphic systems are not well understood. 
Stratigraphically, Wisconsin loess covers the stable, 
narrow to broad divides on upland positions of the drift 
plain. Often, there is a weakly developed paleosol present in 
small increments of the Early Wisconsin loess. This is 
important in terms of separation of Wisconsin time from that 
of pre-Wisconsin. 
Underlying the Basal Wisconsin Loess, there are a series 
of sediments including tills, fluvial-colluvial, and/or 
outwash deposits. Each may have paleosola at the upper part. 
The paleosols have played an important role in Quaternary 
stratigraphy of the region. However, the first question to 
answer is whether a paleosol occurs before further steps are 
taken for any correlation. Often, this is not an easy task 
due to diagenesis and post-burial changes, especially if one 
is dealing with materials which resemble a weakly developed 
paleosol. 
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MATERIALS AMD METHODS 
Site Selection 
The study area is part of a 7.5-niinute series topographic 
map of the Lucas Quadrangle in southern Iowa. The approximate 
location of the quadrangle is shown on the location map in 
Figure 7. To achieve the objectives of this phase of the 
study, 10 locations (marked by the stars in Figure 7) along a 
4.6-km transect from the upland to the loess-covered terraces 
(with bench-phase Pershing soils) were selected for sampling. 
The selection was based on suitability as well as 
accessibility of the locations by probe truck. Moreover, the 
sampling was focused on the stable divides to avoid 
complication in interpretation of data due to the effects of 
local erosion and sedimentation. 
In the course of this discussion these locations are 
referred to as Site 0 to Site 9. Sites 0 and 1 are located in 
Sections 36 and 31 of Otter Creek and Liberty Townships, 
respectively. Sites 2 to 9 are located in Sections 5 and 6 of 
Whitebreast Township. The exact location of each of the sites 
is reported in the site descriptions. In terms of the UTM 
system, the study area is located between 41° 02* 30" and 41° 
05' 00" northern latitudes and between 93° 25* 00" and 93° 27* 
30" western longitudes. 
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Figure 7. The sampling transect in Whitebreast Creek 
Watershed study area. Site 0 through 9 are marked 
by stars. The topographic map is 1:24,000 scale 
and contour interval is 6m (20 ft). 
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Field Investigations 
At each site, a 5-cia core was extracted by hydraulic 
probe from the upper part of the site. However, for the 
deeper sediments an auger with a split tube was used to 
extract the samples. The color characteristics, structure, 
texture, and other attributes such as mottling, oxides, and 
consistency were also described in the field following the 
guidelines of the Soil Survey Staff (1951, 1981) and Standard 
Procedures for Evaluation of Quaternary Materials in Iowa 
(Hallberg, 1978). The extracted samples were subdivided based 
on morphology and particle sizes with emphasis on the 
paleosols. 
The loess thickness was measured but morphology of 
extracted samples from the modern soils developed in the 
Wisconsin loess was not described. However, the descriptions 
included the Basal Loess increments of Wisconsin loess, the 
underlying paleosols, and sediments. The samples were 
subsampled based on morphology and texture and put in plastic 
sampling bags for subsequent laboratory analyses. The rest of 
the samples were wrapped in wax paper and preserved in a cold 
room for later reference. 
The transect was surveyed with transit by the Soil 
Conservation Services (SCS) survey crew. The elevations were 
recorded based on a local benchmark. These elevations and the 
above morphological properties in combination with laboratory 
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data of the particle size distribution and some chemical 
properties were used to construct the geomorphic and 
stratigraphic cross sections. 
Laboratory Determinations 
The samples were air dried and ground to pass a 2-mm 
sieve. On these samples the following determinations were 
performed: The particle size analysis was done by using a 
pipette method (Walter et al., 1978). The USDA size 
classification system was used in the procedure. The samples 
were pretreated with glacial acetic acid and 10% H2O2 to 
remove the carbonates and organic materials which aids to 
disperse the samples. 
The dispersion was continued by addition of sodium 
hexametaphosphate and by shaking overnight. After dispersion, 
the sand fraction (50-2000 |im) was separated by wet sieving. 
Fine silt (2-20 |im) and clay (<2 |am) fractions were determined 
by the pipet method. The coarse silt fraction (20-50 |im) was 
calculated by subtraction. 
Sand was fractionated into five size classes by dry 
sieving after 15 minutes of shaking. In this procedure a 
vibrator 7.5-cm sieve shaker of model SS-5 (Gilson Company) 
was used. The sand size classes are very fine (0.050-0.125 
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mm), fine (0.125-0.250 mm), medi\im (0.25-0.50 mm), coarse 
(0.5-1 mm), and very coarse (1-2 mm). 
The fine clay fraction (<0.2 |xm) was determined by the 
centrifuge method (International No. 11 centrifuge). The 
procedure of the Soil Survey Staff (1992) was followed. 
Reaction (pH) of the soil and sediments was measured by a 
combination electrode pH meter (Fisher model 420) in a 1:1 
soil and water ratio after 30 minutes of equilibrium (Soil 
Survey Staff, 1992). 
Qualitative as well as semi-quantitative clay mineralogy 
was deteinmined on selected <2-nm samples to further aid in 
characterization of the subsurface sediments. Before the 
analysis, however, the <2-mm samples were extracted by the CBD 
(citrate-sodium bicarbonate-dithionite) extraction technique 
to remove free sesquioxides that otherwise act as cementing 
agents and reduce the dispersion of clays (Mehra and Jackson, 
1960) . The CBD-treated clay fraction (<2 |xm) was separated by 
centrifuge. 
Oriented samples of the Mg-saturated and K-saturated CBD-
treated clay samples were made using ceramic tiles. An 
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attempt was made to obtain a uniform density of 15 mg/cm on 
the tiles to have an appropriate thickness of clay to minimize 
the background diffraction from the tiles. The samples were 
X-rayed with a computerized Siemens D5000 X-ray instrument 
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with a 2-theta compensating slit. This slit decreases the 
low-angle scattered radiation, therefore, enhances the 
detection of the presence of any interstratified species. The 
samples were scanned from 2 to 32 degrees 2-theta with a 
scanning rate of 2 min/degree in continuous mode. 
The Mg-saturated samples were X-rayed at 54% relative 
humidity and room temperature (about 22-23°C), then misted 
with 20% glycerol and subsequently X-rayed after 24 hours with 
the same settings as before. The details of sample 
preparation and pretreatment are given in Appendix G. The 
guidelines of Whittig and Allardice (1986) were used for 
identification of major clay minerals. 
Quantitative analysis was performed by a combination of 
chemical, X-ray diffraction, chemical analysis, and thermo-
gravimetric techniques. The mica content was estimated from 
the K2O content of the Mg-saturated clay (<2 |im). The 
determination of the K content was done by suspension 
nebulization of the clay samples by ICP-AES (inductively 
coupled plasma-atomic emission spectroscopy) following the 
method of Laird et al. (1991). A conversion factor of 10 was 
used to convert K20% to mica content. 
Amounts of kaolinite and expandable (smectite and 
vermiculite) were estimated by thermal gravimetry (TG) 
following the method proposed by Karathanasis and Hajek (1982) 
and Karathanasis and Harris (1994). The Mg-saturated clay 
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samples were equilibrated, at least overnight, at 54% relative 
humidity and then the analysis was done with a computerized 
Seiko Instrument, model TG/DTA/5200, thermal analyzer (Seiko 
Instruments Inc.). The scanning rate of 30 °c/min over a 
range of 25 to llOO °C was used. 
Clay-size free Fe oxides were determined on <2-mm 
samples. The samples were extracted using a CBD extraction 
method (Mehra and Jackson, 1960). The amount of Fe was 
determined in the extract by ICP-AES, and then normalized 
based on the clay content of each <2-mm sample. The quartz 
content was also estimated from the quartz XRD peak height 
(4.26 A°) of Mg-saturated samples. The kaolinite XRD peak 
height (3.56 A°) was used as an internal standard 
(Karathanasis and Hajek, 1981). All the clay components were 
reported as a percentage of the total clay. 
Hence, morphology as well as chemical, particle size, and 
mineralogical properties of the subsurface samples were 
utilized. The absolute amounts and the relationships among 
all attributes were used to not only identify but also to 
differentiate units of the subsurface materials. The 
numbering systems used for the materials are informal and may 
not be correlated with known formations. 
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RESULTS AND INTERPRETATIONS 
Introduction 
Details of ancient environments of the major valleys in 
south-central Iowa are unknown. This part of the Whitebreast 
Creek Watershed (WCW) project attempted to provide 
stratigraphic information about the materials and depositional 
environments of the valleys in south-central Iowa. 
Specifically, the project objectives for this part are; 
Objectives 
1. To identify the stratigraphy of the sediments in the 
upland and upland erosion surfaces adjacent to the 
valley; 
2. To identify the stratigraphy of the valley sediments 
and to map their distribution in the terraces or 
benches; 
3. To test whether the Pleistocene loess-covered terraces 
(LCTs) in this watershed are formed in coarse 
alluvium; 
4. To correlate erosion and sedimentation episodes of the 
upland, upland erosion surfaces, and the LCTs. 
Several criteria such as macromorphological, textural, 
chemical, and mineralogical properties were used to 
differentiate the depositional materials at each of the 
topographic positions as well as to test the above hypothesis. 
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Arabic nvunerical prefixes were used to separate different 
parent materials (Soil Survey Staff, 1981). Because soils are 
formed from the top downward, the parent materials are also 
nvunbered from the top downward. In weathering zones, the top 
downward system was also used. 
Stratigraphy of Stable Upland 
The local upland rock stratigraphy consists mainly of 
Wisconsin loess (Peoria Loess) and a small increment of Basal 
Wisconsin loess (Pisgah Formation) over pre-Illinoian till. A 
thin, weakly developed Basal Loess paleosol is present between 
the two major stratigraphic materials, i.e., Wisconsin loess 
and pre-Illinoian till. However, when descending from more 
stable surfaces on the primary divide to the secondary divide 
and to the less stable erosion surfaces, complications due to 
the instability of surfaces in the rock stratigraphy 
increases. In this part, the results of subsurface 
stratigraphy at Site 0 will be presented. 
In general, the detailed field description of sites are 
given in Appendix A. The textural and pH data are given in 
Appendix B. The sand fractionation data are in Appendix C, 
and the total carbon and C/N ratio data are given in Appendix 
D. Most of the data in Appendix A through D are used to 
construct graphs that show depth function relationships. This 
approach is helpful in comprehending the large amounts of 
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field and analytical data collected during the course of this 
study. However, when it is necessary numeric data with 
appropriate statistics are also used to support the 
interpretations. 
Broad puiniwi-h •position fsite 0) 
Site 0 is located on a stable primary summit position on 
the upland. This site has the highest elevation (317 m) in 
the transect and is the most stable site on the landscape 
adjacent to the valley wall. For this reason, it was selected 
as a stratigraphic reference point for the rest of the 
transect. The depth of sampling was 9.75 m. At the 9.75 m 
depth, the probe was stopped by a rock or by gravel. 
The textural data as well as abbreviated descriptions of 
the soil horizons and weathering zones are shown in Figure 8. 
The textural data and macromorphology indicate that from the 
base, pre-Illinoian till is overlain by the Yarmouth-Sangamon 
solum. The Yarmouth-Sangamon paleosol is covered by Basal 
Wisconsin Loess (Pisgah Formation) which in turn is overlain 
by the Late-Wisconsin loess (Peoria Loess). A paleosol 
(equivalent to the Farmdale Soil) is developed in the Basal 
Wisconsin Loess. This weakly developed paleosol separates the 
underlying Yarmouth-Sangamon solum from the Late Wisconsin 
loess. Refer to Table 2 in the Historical Background section 
for a more complete definition of "weakly developed paleosol." 
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Figure 8. The textural data, abbreviated description of the 
soil profiles, and the weathering zones in 
Site 0 (upland, broad suiranit position). 
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In the following sections, land-surface soils, Wisconsin loess 
and its Basal Loess paleosols, pre-Illinoian till, till-like 
and/or till-derived materials will be presented. 
Land-surface soil 
The land-surface soil developed in Wisconsin loess. The 
solum of land-surface soil has a silty clay loam to silty clay 
texture. At Site 0, this soil is mapped Grundy silty clay 
loam. The family classification is fine, montmorillonitic, 
mesic Aquic Argiudolls with 2 to 5% slope, according to 
unpublished advance soil report of Lucas County (Boeckman et 
al., 1993). This soil is gently sloping and somewhat poorly 
drained with a strong argillic horizon. Due to the presence 
of the argillic horizon, a seasonal perched water table forms 
over the argillic horizon during wet seasons and lateral flow 
can result during and following the wet seasons. 
The clay mineral contents of the land-surface soil are 
shown in Table 4. The solum of this soil is formed in the 
Wisconsin loess, therefore, its clay mineral content is also 
similar to this loess (Table 4). However, the expandable clay 
percentage of the solum is about 10% to 15% lower than the 
pedogenically unweathered Wisconsin loess, i.e., at zone MDL 
(mottled, deoxidized, leached). Zone MDL has an expandable 
clay content of 51% to 54%. In the solum (A and B horizons), 
the expandable clay content ranges from 39% to 49%. The 
Table 4. The clay mineral contents and the relationship between expandable 
clays and kaolinite at Site 0 (upland, stable summit) 
Sample Zone Depth (m) Percentacre Ratio 
(midpoint) Exp^ Kin Verm Mica Qtz Fe203 Exp/Kln 
55374 Ap 0.20 42 24 15 21 6.0 3.5 •
 00
 
55375 A 0. 32 40 25 14 3.0 1.6 
55376 Bg 0.44 39 23 13 2.2 1.7 
55402 Btg 0.84 49 24 13 17 8.0 2.5 2.0 
55381 MDL 1.98 51 22 14 2.3 
55383 MDL 2.51 54 23 14 17 3.0 3.0 2.3 
55385 2Ab 2.76 50 25 20 16 6.0 3.3 2.0 
55389 3EBb 3.20 48 28 19 9 5.6 1.5 1.7 
55390 3Btgb 3.51 55 28 18 9 5.1 1.8 2.0 
55393 4BCgb 4 .72 54 28 17 13 2.0 0.3 1.9 
55398 4MOL 7.01 37 34 12 7.7 1.1 
55401 4M0U 7,92 33 34 9 16 2.0 7.2 1.0 
0 The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
$ The percentage of expandable also includes vermiculite. 
Abbreviations: Exp=expandable, Verm=vermiculite, Kln=kaolinite, Qtz=quartz 
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kaolinite clay content ranges from 23% to 24% in the solum of 
land-surface. The ratios of expandable clay to kaolinite vary 
from 1.6 to 2.0 in the land-surface soil. These ratios also 
show the lower amounts of expandable clay with respect to that 
in zone MDL which has ratios of 2.3 to 2.4 (Table 4). These 
results suggest that there are some differences in clay 
mineralogy of the upper and lower parts of Wisconsin loess. 
The lower parts of Wisconsin loess contains more expandable 
clays than the upper parts (Table 4). 
Wisconsin loess and Basal Loess oaleosol 
The thickness of Wisconsin loess at Site 0 is 3 m. 
Ruhe's prediction model (Ruhe, 1969) for Wisconsin loess 
thickness in western Iowa predicts a similar thickness for 
this location. The loess thickness, however, decreases from 
Site 0 to 2 but it increases at the footslope position of the 
erosion surface at Site 3 (Appendix A). Texture of the 
Wisconsin loess is silty clay to silty clay loam. The 
initially calcareous loess is leached and has a pH range of 
5.2 to 6.4 (Appendix B). 
The Basal Loess paleosol in the basal increment of 
Wisconsin loess has a low carbon content (0.21%). It has a 
higher carbon content than superjacent Wisconsin loess (0.12%) 
and subjacent Yarmouth-Sangamon paleosol (0.10%). It is a 
silty clay loam with brown to light brownish gray color due to 
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accumulation of organic matter and/or Mn-Fe oxides. Often, it 
is higher in sand (3%-8%) than the overlying loess which has a 
sand content of less than 4%. The structure of the Basal 
Loess paleosol is often platy. 
The clay mineral contents of the Wisconsin loess and the 
Basal Loess paleosols are shown in Table 4. The clay 
mineralogy of the Wisconsin loess was interpreted in the land-
surface section before. 
Yarmouth-Sangamon paleosol 
Morphology 
Below the Basal Loess paleosol at Site 0 is a Yarmouth-
Sangamon paleosol. The solum of the Yarmouth-Sangamon 
paleosol is silty clay loam, clay and clay loam with light 
brownish gray (lOYR 6/2) to olive gray (5Y 6/2) matrix colors. 
Continuous clay films are present on the ped faces in the 
3Btgb and 4Btgb horizons. The soil structure of these 
horizons is prismatic parting to subangular blocky. The gray 
and reduced matrix color of the solum (5Y 6/2) may be a relict 
feature, indicating poor natural drainage and removal of free 
Fe oxides from the paleosolum in Yarmouth-Sangamon time. 
Particle size analysis 
An argillic horizon is strong evidence of a progressive 
pedogenesis or a soil-building process. The particle size 
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distribution, morphology of clay films (Appendix A), 
characteristics of clay distribution, thickness, and clay 
ratios indicate a well developed argillic horizon in the 
Yarmouth-Sangamon paleosol solum at Site 0. The clay, silt, 
and sand depth functions of the solum of the Yarmouth-Sangamon 
paleosol are not parallel in the upper parts of the solum, 
indicating a pedogenic origin for the argillic horizon. The 
clay content increases gradually from the 3 m depth and 
reaches a maximum (49%) at 3.5 m. The ratio of fine clay to 
total clay also reaches a maximum of 0.69 at 3.5 m depth, 
indicating that about 70% of <2 nm fraction is composed of 
fine clays (<0.2 |im) . This fact and the presence of clay 
coatings strongly suggest an illuvial origin for the clay 
acciimulation in the 3Btgb and 4Btgb horizons (Figure 8 and 
Appendix B). 
Material 3 in the upper part of the Yarmouth-Sangamon 
paleosol (3-3.7 m) at Site 0 contains a higher silt content 
than the underlying material 4 (Figure 8)• Also, the ratio of 
coarse silt to fine silt at this depth is smaller in material 
3 (B and BC horizons) than in material 4, indicating a finer 
silt in material 3 (Figure 9). The finer material in this 
text will be referred to as "Silty Sediment." 
However, the higher silt content may be attributed to an 
addition by air-born deposit, for example a loess deposit 
(Loveland Loess?). A loessial pedisediment origin for this 
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material (E-horizon) is unlikely since Site 0 is located on 
the highest landscape position. However, a colluvial material 
high in silt, due to microrelief of the Yarmouth-Sangamon 
surfaces, is a possible origin of the higher silt content of 
material 3 or the silty sediment. 
The "clay-free" sand distribution with depth provides 
further evidence for the dissimilarity of materials 3 and 4. 
As shown in Figure 10, three discontinuities are present at 
depths of 2.7 m, 3.0m, and 3.7 m. The change in the 
percentage at a depth of 3.7 m corresponds to the possible 
break between materials 3 and 4. 
Clay mineralogy 
The clay mineralogy data as well as the relationship 
between the amounts of these clay minerals are fairly uniform 
in the main parts of the solum (Table 4). However, the 
expandable clay (48%) of the upper paleosolum, i.e. 3EBb 
horizon, is closer to that of the Basal Loess than to the 
lower Yarmouth-Sangamon paleosol. The expandable clay 
contents of the 3Btgb and 4BCgb horizons are 55% and 54%, 
respectively. The kaolinite content of the solum of the 
Yarmouth-Sangamon paleosol is constant and it is 28%. 
Kaolinite may considered to be a resistant clay mineral under 
weathering conditions of Yarmouth-Sangamon time. 
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Pre-Illinoian till 
Morphology 
A detailed description of the morphology of pre-Illinoian 
till at Site 0 in given in Appendix A. At Site 0, Material 4 
is a mottled-oxidized leached and unleached (4M0L and 4M0U) 
pre-Illinoian till. As Hallberg (1980) reported, the color of 
pre-Illinoian till is not a useful diagnostic tool in till 
interpretation and correlation, because varieties of colors 
for tills are observed across the state. However, particle 
size and clay mineralogy have been used as diagnostic tools 
for till interpretation and correlation (Hallberg, 1980; 
Schilling and Stewart, 1993; Hudak, 1987). 
Particle size analysis 
Cumulative particle size distribution of Site 0 is shown 
in Figure 8. A summary of textural data for the four 
materials at Site 0 is also shown in a ternary relationship in 
Figure 11. Material 4 consists of an upper loam (4A) and a 
lower clay loam (4B) pre-Illinoian till. The sand fraction 
data of pre-Illinoian till show a poorly sorted sand fraction 
for both 4A and 4B which is typical of glacial till sediment. 
The sand content is fairly evenly distributed among different 
sand fractions (Figure 12). The average sand contents of 4A 
and 4B are 45% and 34%, respectively (Appendix B). The clay 
content of material 4A is within the range of the clay content 
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of these till formations (Hallberg, 1980), but that of 
material 4B is 10% higher in clay content. 
Both "clay-free" sand and the ratio of fine sand to total 
sand show a uniform till at Site 0. Material 4A has a coarser 
texture than 4B. In terms of till correlation, however, silt 
and sand content of material 4 is within the range of both the 
Wolf Creek and the Alburnett Formations. The texture and clay 
mineralogy of these till formations were reviewed before in 
the Historical Background. 
Clay mineralogy 
The Wolf Creek Formation has an average of 60% expandable 
clay with range of 50%-74%, according to the peak intensity 
method of Hallberg et al. (1978). However, in this project a 
combination of techniques using XRD, thermo-gravimetry, and 
chemical methods was used to determine the clay composition, 
while internal consistency was evaluated through checking to 
get total values close to 100% for the sum of <2-nm fraction. 
The expandable clay content was evaluated based on degrees of 
dehydration of these clays. Hence, the two methods of 
estimating the expandable clays may not be completely 
comparable. 
Table 4 shows the clay mineralogy data as well as the 
relationship between the amounts of these minerals. As 
Hallberg (1980) reported, the clay mineralogy of till is the 
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main diagnostic parameter one can use in the pre-Illinoian 
till differentiation. Based on the combination technique used 
here, the clay mineral suites (<2 |im) of material 4 of pre-
Illinoian till are composed of 35% expandable, 34% kaolinite, 
16% mica, 7% Fe-oxides and some minor minerals such as clay-
size quartz. In the next section, the stratigraphy of erosion 
surfaces (Sites 1 to 3) will be evaluated 
Stratigraphy of Erosion Surfaces 
In the Quaternary geology of Iowa, the eroded and younger 
geomorphic surfaces, compared to Yarmouth-Sangamon surfaces, 
are called Late-Sangamon surfaces (Ruhe et al., 1967). The 
Late-Sangamon surfaces are truncated by pedimentation 
processes, such as slopewash. Sites 1, 2, and 3 are located 
on the stepped erosion surfaces of the upland. From Site 0 
toward Site 3, the Yarmouth-Sangamon surface is truncated by a 
Late-Sangamon surface. The upper part of the Late-Sangamon 
solum is normally developed in pedisediment and the lower part 
in pre-Illinoian till. 
Pedisediment is an erosional sediment over a pediment or 
an erosion surface. Often, it is comprised of reworked till 
or an admixture of reworked till and loess. It may be finer 
textured than the original till with some evidence of 
stratification and fining downslope (Ruhe, 1969). These terms 
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will be used in the following results and interpretation of 
Sites 1 to 3. The soil and rock stratigraphy of the stepped 
erosional surface of Sites 1 through 3 will be evaluated in 
more detail in the next sections. 
Relatively Broad Ridqetop Position (Site 1) 
Site 1 is 3.1m lower in elevation than Site 0 and 
located on a relatively broad summit or ridgetop on the 
upland, as shown by the topographic map on Figure 7. The 
depth of sampling was 3.93 m. From the top down, at this site 
the stratigraphic column consists of Wisconsin loess over the 
Basal Loess over a silty sediment over a till-derived 
pedisediment which overlies the pre-Illinoian till (Figure 
13). The detailed profile description of this site is given 
in Appendix A (Site 1). 
Land-surface soil 
The surface soil in the overlying Wisconsin loess is 
mapped as Grundy silty clay loam with 2-5% slope which is 
similar to that at Site 0. The family classification of this 
soil is fine, montmorillonitic, mesic Aquic Argiudolls 
(Boeckman et al., 1993). This soil is gently sloping and 
somewhat poorly drained with a strong genetic argillic 
horizon. 
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Wisconsin loess and Basal Loess paleosol 
The thickness of the Wisconsin loess is 2.3 n. This 
thickness is less than that at Site 0, on the stable upland 
position. The Basal Loess paleosol has a silty clay loam 
texture with a morphology similar to the Basal Loess at Site 
0 .  
Late-Sanaamon paleosol 
Morphology 
The materials of this site are leached and generally 
oxidized. The matrix colors of the sediments are dark grayish 
brown (lOYR 4/2) and olive brown (2.5y 5/4). The carbon 
content of the 5Btb horizons (Figure 13) in the Late-Sangamon 
paleosol reaches (0.22%) which is double the amount in the 
Yarmouth-Sangamon paleosol (0.10%) at Site 0. The higher 
carbon content of the Late-Sangamon paleosol is probably 
related to its younger age, allowing less time for oxidation 
of organic matter. The higher organic matter content may be 
also related to the high clay content of the 5Btb horizons. 
The thickness of the solum (3Eb+4Eb+5Btb) is 1.4 m, as opposed 
to 1.8 m of the Yarmouth-Sangamon paleosol at Site 0. The 
Late-Sangamon paleosol solum is thinner and has a higher total 
carbon content than the Yarmouth-Sangamon paleosol solum. 
These characteristics indicate that the Late-Sangamon paleosol 
is pedogenically less developed, as compared to the Yarmouth-
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Sangamon paleosols. In the next, the particle size analysis 
and clay mineralogy of the soils will be presented. 
Particle size analysis 
The particle size data and horizon designations are shown 
in Figure 13. The upper part of the Late-Sangamon paleosol, 
i.e., 3Eb horizon has a relatively high silt content. It has 
about 20% sand and 60% silt. The origin of relatively high 
sand and silt content of 3Eb horizon will be discussed in the 
discussion of Part I. 
Material 4 (4Eb) is a till-derived pedisediment with 28% 
to 36% sand (Figure 13). The lower part of the pedisediment 
is not marked by an observable stoneline, probably due to the 
small cross section of the sampling core. There is a sharp 
break in the fine clay to total clay ratio at the boundary 
between materials 4 and 5 which may indicate a lithological 
discontinuity (Figure 14). At this site, based on the higher 
sand content (36%) and partially on the discontinuity of the 
fine clay characteristics (Figure 15), material 4 was 
separated from material 5. 
The "clay-free" sand percentage (Figure 15) shows a 
general fining upward trend in materials 4 and 5. The 
discontinuities between materials 2 & 3 and 3 & 4 are fairly 
clear. This attribute, however, does not show a sharp break 
between materials 4 and 5. This may be due to the textural 
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similarity of the materials and/or it is related to the mixing 
at depositional interfaces during the deposition of the 
erosional sediment or pedisediment. 
Clay mineralogy 
The clay mineralogy suites of Sites l, 2, and 3 are shown 
in Table 5. The expandable and kaolinite clay content of the 
Late-Sangamon paleosol at Site 1, along with their ratios, are 
reported in this table. The ratios of expandable to kaolinite 
clay content ranges from 1.5 to 1.8. These ratios are smaller 
than those reported for the Yarmouth-Sangamon paleosol of the 
stable upland position at Site 0 (Table 4). The ratios for 
the Yarmouth-Sangamon solum range from 1.7 to 2.0. Therefore, 
it seems that the Yarmouth-Sangamon solum has greater ratios 
which are related to the higher expandable clay contents of 
the Yarmouth-Sangamon solum. Topographically, the next lower 
position on the erosion surfaces of the upland is Site 2. 
This site is located on a backslope position. This site will 
be presented next. 
Backslope Position (Site 2) 
Site 2 is located on narrow ridgetop of a side valley 
interfluve of the upland. The specific location of the site 
is given on the topographic map in Figure 7. The surface 
elevation is 302.3 m, which is 11.6 m lower than Site 1. The 
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sampling depth at this site was small (2.38 m). The probe was 
stopped by a disintegrated granite rock or gravel. The 
morphology of the materials is oxidized. The materials are 
leached with a pH range of 5.3 to 6.4. Because Site 2 is 
located on steep part of the transect (Figure 7), this surface 
is the most unstable part of the transect and erosion 
surfaces. Hence, it also showed very little pedogenic 
development in the existed materials. 
Land-surface soil 
The surface soil in the Wisconsin loess at Site 2 is 
Pershing silt loam with 5% to 9% slope. The soil family is 
fine, montmorillonitic, mesic Aquollic Hapludalfs, according 
to Boeckman et al. (1993). The soil is sloping and moderately 
eroded with a moderately well drained condition. 
Wisconsin loess and Wisconsin loess paleosol 
Site 2 has a soil and rock stratigraphy similar to Site 
1. The modern surface is truncated by pedimentation 
processes. The Wisconsin loess cover is thin (1.3 m). The 
light brownish gray Wisconsin loess paleosol is similar to 
that reported for Site 1. A complete description of this 
paleosol is also given in Appendix A, at Site 2. However, 
some evidence of involution in the Wisconsin Basal Loess is 
reported in the field data for Site 2. The involution could 
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be due to the effects of overburden pressures and/or freeze-
thaw activities on the Basal Loess material. 
Late-Sanaamon paleosol 
The Late-Sangamon solum is very thin and has a thickness 
(without the 4BCtb horizon) of 0.8 m (see Appendix A). The 
decreased thickness of the paleosolum indicates the 
instability of the geomorphic surfaces at this site in Late-
Sangamon time. 
Morphology 
The matrix colors of the Late-Sangamon solum are 
yellowish brown (lOYR 5/4) to strong brown (7.SYR 4/6), 
indicating a well drained condition compared to that of Site 
1. At Site 1, the Late-Sangamon paleosolum has a combination 
of matrix colors of dark grayish brown, light olive brown, 
yellowish brown to brown, grayish iarown to gray (lOYR 4/2, 
2.5Y 5/4, lOYR 5/6, lOYR 5/2 & 5/1). Pedofeatures such as 
yellowish brown clay coats are thin, discontinuous, and weakly 
expressed in the solum at Site 2 (see Appendix A). 
Approximately, half of the paleosolum is formed in 
pedisediment (Figure 16). 
76 
Particle size analysis 
The textural data and abbreviated profile description are 
shown in Figure 16. The clay maximum in the 4Btb horizon 
reaches 52%. However, the high percentage of clay may not be 
a sign of a well developed argillic horizon, but it is likely 
to be a sedimentologic property of the sediment because of the 
following;(1) the cumulative functions show parallel increase 
and decrease trends in the particle size data in the 
paleosolum, indicating a less likely translocation of fines 
(clay and fine silt) with respect to skeletal grains (sand 
particles), (2) the fine clay to total clay ratio does not 
coincide with the clay maximum at a depth of 1.9 m, as 
indicated by the data in Appendix B, (3) the "clay-free" sand 
(see Figure 17) shows a significant fining of texture of the 
pedisediment at a depth of 1.9 m, suggesting that the 
pedisediment had a fine parent material at this depth. 
The unstable nature of the Late-Sangamon surface is also 
shown in the textural properties of the "clay-free" sand 
percentage and the coarse silt to fine silt ratio. As shown 
in Figures 17 and 18, the pedisediment is fairly stratified as 
indicated by the high variation in the values of these 
indexes. The "clay-free" sand percentage varies from about 32 
to 75 in the pedisediment. The stratification, as shown by 
the textural characteristics, may indicate multiple erosion 
episodes on the Late-Sangamon surface at this site. 
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Clay mineralogy 
The clay mineral suite of the Late-Sangamon solum is 
shown in Table 5. The expandable clay to kaolinite ratio 
ranges from 1.3 to 1.6. These values are less than those 
reported for the Yarmouth-Sangamon at site 0 (Table 4) and the 
Late-Sangamon at Site 1. The ratios are smaller with respect 
to those from Sites 0 and l, generally due to the lower 
amounts of expandable clay of the solum at this site. This is 
in accordance with the younger materials of the erosion 
surfaces at this site. The expandable clay percentages range 
from 45 to 51 at the solum, as indicated in Table 5. 
Footslope position (Site 3^ 
site 3 is located on a footslope of an interfluve of a 
narrow ridgetop on the upland. The surface elevation is 286.1 
m, which is 15.8 m below that of Site 2; therefore, it is 
located on the lowest position of the upland in the transect. 
The total depth of sampling is 4.8 m. The pH of the materials 
is very uniform and ranges from 5.8 to 6.0. The litho-
stratigraphy is generally similar to that of site 2. 
Land-surface soil 
The surface soil in the Wisconsin loess at Site 3 is 
Pershing silt loam, with 2% to 5% slope. The soil family is 
fine, montmorillonitic, mesic Aquollic Hapludalfs, according 
Table 5. The clay mineral contents and the relationship between expandable clays 
and kaolinite of the paleosols at Sites 1, 2, and 3 (upland erosion surfaces) 
Sample Site Zone Depth (m) 
(midpoint) 
Percentacfe® Ratio 
Exp^ Kin Verm Mica Qtz Fe203 Exp/Kin 
53573 1 2Ab 2.22 51 25 18 14 3.1 3.6 2.0 
53575 3EBb 2.43 53 29 23 13 4.1 5.5 1.8 
53578 4EBtb 3.03 52 35 20 9 1.8 5.4 1.5 
53581 5Btb 3.47 51 34 24 9 1.7 4.8 1.5 
53584 5BCtb 3.8 49 31 18 10 2.3 4.3 1.6 
53585 2 2M0L 0.94 51 29 19 15 2.9 3.0 1.8 
53590 2&3 Eb 1. 55 45 35 19 10 5.4 3.5 1.3 
53593 3EBtb 1.91 51 32 20 11 2.6 3.8 1.6 
53595 3BCtb 2.2 49 30 14 11 2.4 4.4 1.6 
53597 3 2Ab 1.91 57 27 18 14 4.0 2.1 
53599 3Eb 2.24 51 33 17 13 5.3 1.5 
53602 4Btbl 2.58 50 33 18 12 5.2 1.5 
53604 4Btb2 3.01 52 31 20 12 4-5 1.7 
53608 5Btb 3.89 54 32 17 11 5.0 1.7 
53611 5BCb 5.45 51 33 19 12 3.5 1.5 
@ The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
$ The percentage of expandable also includes vermiculite. 
Abbreviations: Exp=expandable, Verm=vermiculite, Kln=kaolinite 
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to the unpublished advanced soil report (Boeckman et al., 
1993). This soil is gently sloping and slightly eroded. It 
has moderately well to somewhat poorly drained conditions. 
Wisconsin loess and Wisconsin loess paleosol 
The thickness of the leached Wisconsin loess is 2.0 m at 
this site. This is thicker than the 1.3 m of loess at Site 2 
which is on a topographically upper position. Due to its 
lower position on the interfluve, Site 3 potentially receives 
loess-derived sediment from the upper position and the erosion 
and deposition of the loess material is normal at this 
position. A thin (15 cm), silty clay loam Wisconsin loess 
paleosol is present in the Basal Loess. Its color is grayish 
brown to yellowish brown. No evidence of involution is 
reported for the Basal Loess in the field data. 
Late-Sanaamon paleosol 
Morphology 
The matrix colors of the Late-Sangamon paleosol at this 
site are similar to those of Site 2. The matrix colors of the 
solum indicate a somewhat poorly drained condition (Appendix 
A). However, there are many to moderate amounts of Mn and Fe 
oxides, coatings, and nodules in the solum. Most of these 
features are resulted from throughflow of the upper position 
and concentration and depositions of oxides at lower footslope 
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positions. The detailed morphology of the materials is given 
in Appendix A, Site 3. 
Particle size analysis 
The Late-Sangamon solum has uniform textural 
characteristics at this site (Appendix A and B). The coarse 
silt to fine silt ratio is low and uniform. It ranges from 
0.6 at 2.2 m, to 0.9 at 4.7 m (Figure 18). The range of the 
ratio shows a general fining upward without stratification. 
The sand content in the Late-Sangamon paleosol ranges from 25% 
to 33%. The ratio of medium sand to fine sand is also very 
uniform. It is approximately 0.4, without significant 
variations. The bottom part of the Late-Sangamon paleosol 
solum grades into till or till-like sediment. This 
interpretation was based on the textural properties. 
Clay mineralogy 
The clay mineral suite of this site is shown in Table 5. 
Similar to its textural characteristics, the Late-Sangamon 
solum has a uniform clay mineral suites. The expandable clay 
ranges from 50% to 54%. The kaolinite content ranges from 31% 
to 33%. The ratios of expandable to kaolinite range from 1.5 
to 1.7. The textural and clay mineral uniformity of the solum 
show the homogeneity of the source materials which are carried 
by erosion processes to Site 3. 
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Stratigrapby of Loess-covered Terraces (LCTs) 
A better understanding of the stratigraphy and genesis of 
old valley fills in the Pleistocene terraces is one of the 
prime purposes of this study. Loess-covered terraces along 
the major valleys and the tributaries are present throughout 
southern Iowa. They represent one of the major physiographic 
units which have important roles in hydrogeology and water 
quality issues in this region. For this reason, this part of 
the study focuses on the soil and rock stratigraphy of Sites 4 
through 9. These sites represent three surfaces and materials 
on the terraces. 
In a series of figures in the following sections, the 
sites representing similar soil and rock stratigraphy will be 
schematically presented together. Sites (4 & 5) , (6 & 7), and 
(8 & 9) represent three different depositional environments. 
Sites 4 and 5 are on the high terrace level. Sites 6 and 7 are 
on the middle terrace level and Sites 8 and 9 are on the low 
terrace level. Each of these terraces has a pertinent 
stratigraphy that will be discussed in detail in the following 
sections. 
High Terrace (Sites 4 and 5) 
Sites 4 and 5 are located on a broad ridgetop of a high 
terrace or a high stream bench. The depths of sampling at 
Sites 4 and 5 were 21.95 m and 8.78 m, respectively. The 
stratigraphy of Terraces in Whllebreasl Creek Watershed 
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Figure 19. The soil and rock-stratigraphic relationships of Sites 4 to 9. Sites 4 
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surface elevations of the sites are 284.7 m and 282.1in, 
respectively. Therefore, the land-surface at Site 5 is 2.6 m 
lower than Site 4. However, the ground slope is nearly level 
and the ridgetop has less than 1% slope. The thickness of the 
Wisconsin loess at these sites is 2.26 n and 2.29 b. 
Therefore, the Late-Sangamon surfaces at these sites are 
parallel to the ground surface. This geomorphic relation may 
indicate that Sites 4 and 5 are on the same level or on the 
same Pleistocene-age colluvial-alluvial plain. 
Land-surface soil 
The surface soil, formed in Wisconsin loess, is Pershing 
silt loam, bench, with 2 to 5 percent slope. The family 
classification of the soil is fine, montmorillonitic, mesic 
Aquollic Hapludalfs. This soil is gently sloping and somewhat 
poorly drained. 
Wisconsin Loess and Basal Loess paleosol 
The thickness of silty clay loam Wisconsin loess at Sites 
4 and 5 is 2.26 cm to 2.29 cm, respectively. The Basal Loess 
paleosol is almost parallel to the land-surface soil. As 
shown in Figure 19, the Basal Loess paleosol is present over 
the Late-Sangamon surfaces in the transect. The properties of 
the Basal Loess paleosol are similar to those reported and 
interpreted for the upland. This silty clay loam paleosol has 
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a matrix color of light brownish gray at this location. 
However, the presence of common fine prominent strong brown 
(7.SYR 5/6) redoximorphic features and/or mottles is 
characteristics in this material. 
Late- and Pre-Late-Sanaamon paleosols 
At least, two paleosols were recognized in the upper part 
of the sediments underlying the Basal Loess paleosol in Sites 
4 and 5 (Figure 20). A Late-Sangamon paleosolum overlies a 
Pre-Late-Sangamon paleosol, as shown in Figures 21 and 22. 
These two buried geomorphic surfaces in the upper parts of the 
stratified alluvitun-colluvium at Sites 4 and 5 are evidence of 
at least two periods of soil formation. The Pre-Late-Sangamon 
paleosol predates the formation of the Late-Sangamon paleosol 
based on the principle of superposition (Figure 20). The Late-
Sangamon paleosol is relatively more developed than the Pre-
Late-Sangamon paleosol in terms of horizonation, thickness of 
the solum, and the degrees of expression of argillic horizons, 
as shown in Figures 21 and 22 and Appendix A. Brief and 
complete morphological, textural and structural data of the 
both paleosols are also given for Sites 4 and 5 in Appendix A. 
Morphology 
Figure 21 shows the cumulative percentage of particle 
size distribution of Site 4 from 2 m to 22 m depth. The Late-
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Sangamon paleosol is formed in 3 types of materials (materials 
3 to 5). Materials 3 to 6 of the Late-Sangamon and Pre-Late-
Sangamon are pedogenetically altered and weathered and hence 
the relationship between the particles may not demonstrate the 
original state of the parent materials. The texture of these 
materials ranges from clay loam to silty clay loam. 
The horizon notations are presented in Figures 21 and 22. 
These figures show the relationship between the geomorphic 
surfaces and litho-stratigraphy at Sites 4 and 5. The solum 
(Eb and Bb horizons) of the Late-Sangamon paleosol at Site 4 
dominantly has matrix colors of light brownish gray (lOYR 6/2) 
and yellowish brown (lOYR 5/6). The soil structure of the 
paleosola is mainly fine to medium subangular blocky 
structure. Prominent to distinct Mn and Fe oxides are present 
in the solum. The thickness of the solum and the 
macromorphology of the Late-Sangamon paleosol suggest that 
this paleosol is pedogenically more advanced than the Pre-
Late-Sangamon paleosol. This may indicate more effective and 
probably longer periods of soil formation in Late-Sangamon 
time at these sites. 
Particle size analysis 
The solum texture of paleosols is clay to silty clay loam 
to clay loam. The textural data as well as the abbreviated 
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descriptions of the paleosols are given in Figures 21 and 22. 
A complete description is also given for Site 4 in Appendix A. 
As shovm in Figures 21 and 22, the Late-Sangamon paleosol 
is formed in a finer textured and more uniform pedisediment 
than the Pre-Late-Sangamon paleosol. In the Late-Sangamon 
paleosol, the upper horizon (3EBb) and the lower horizons 
(5Btb and 5BCtb) are silty clay loam with higher silt content 
than the middle horizons (4Bgb and 4Btb). The texture of the 
4Bgb and 4Btb horizons is clay loam. The Pre-Late-Sangamon 
paleosol has sandy loam to loam to clay loam texture. The 
above textural relationships are schematically shown in 
Figures 21 and 22. 
The coarse silt to fine silt average ratios of the Late-
Sangamon and the Pre-Late-Sangamon paleosols at Site 4 are 
0.74 (with standard deviation =0.08) and 1.05 (with sd=0.l9), 
respectively. The raw data for calculation of these values 
are reported in Appendix B. The equivalent values for Site 5 
are 0.76 (with sd=0.09) and 1.29 (sd=0.3). These data support 
the spatial continuity of the parent materials of the Late-
Sangamon paleosol from Sites 4 to 5. 
However, these data also show that the till-derived 
pedisediment of Pre-Late-Sangamon paleosol becomes more 
heterogeneous and coarser at Site 5. Therefore, the parent 
materials of Pre-Late-Sangamon paleosol at Sites 4 and 5 may 
not be the same. 
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Clay mineralogy 
The clay mineral contents of the Pre-Late-Sangamon and 
Late-Sangamon paleosols at Sites 4 and 5 are presented in 
Table 6. As shown, the sola of these paleosols have similar 
expandable clay and kaolinite clay content to those reported 
for the Late-Sangamon paleosols of the erosion surfaces. In 
the sola of the Late-Sangamon paleosols (i.e., buried Eb and 
Bb horizons), the expandable clay contents range from 47% to 
52%. The kaolinite contents range from 27% to 31%. The 
ratios of expandable to kaolinite content range from 1.5 to 
1.8. These ratios are very similar to those reported for the 
erosion surfaces. 
Colluvium-alluvium below paleosols 
The alluvium-colluvium deposits at these sites have 
various texture, ranging from very coarse (gravely sandy loam) 
to very fine (silty clay). However, at Site 4 the parent 
materials of the Late-Sangamon and Pre-Late-Sangamon paleosols 
(materials 3 through 6) are more homogeneous. The texture of 
these paleosols are silty clay loam to clay loam. Materials 7 
through 15 at Site 4 are differentiated by properties such as 
textural characteristics, morphology, and reaction. 
Table 6. The clay mineral contents and the relationship between expandable 
clays and kaolinite of the paleosols at Sites 4 and 5 (high terrace) 
a 
Sample Site Zone Depth (m) Percentage Ratio 
(midpoint) Exp® Kin. Verm Mica Qtz Pe203 Exp/Kln 
53546 4 2AB 2 . 07 60 26 19 11 2.9 2.8 2.3 
53548 3EBb 2.27 49 27 13 13 5.6 1.8 
53551 3BWb 2.81 47 31 10 12 6.4 7.9 1.5 
53554 4Bwb 3.36 52 31 18 12 7.1 4.7 1.7 
53557 5bTB 4.34 50 27 14 14 6.2 1.8 1.8 
53561 6Ab 5.14 51 28 18 15 4.0 1.8 1.8 
53563 6Btb 5.56 49 28 14 14 2.3 0.6 1.7 
53565 6BCb 6.14 45 31 18 14 1.9 5.7 1.4 
53461 5 2Ab 2 . 22 53 23 18 12 3.7 6.0 2.3 
53462 3Ebl 2 . 34 52 28 13 11 4,9 4 . 6 1.8 
53463 3Eb2 2 . 5 49 31 20 12 4.8 4.2 1.6 
53468 4Btb 3.67 52 31 14 11 3.1 2.9 1.7 
53474 4BCb 5.23 38 35 8 15 2 4.5 1.1 
53475 5Ab 5.4 50 29 14 13 2 . 6 1 1.7 
53479 5Btb 6.1 48 31 19 13 2 8 . 2 1.5 
@ The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
S The percentage of expandable alBo includes vermiculite. 
Abbreviations; Exp=expandable, Verm=vermiculite, Kln=kaolinite, Qtz=quartz 
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Morphology 
At Site 4, material 7 is mottled oxidized and leached 
(7M0L). Materials 8, 9, and 10 are mottled oxidized and/or 
deoxidized and leached (Figure 20). Materials 11 through 13 
are unoxidized and unleached (UU). Materials 14 and 15 are 
unoxidized and leached (UL). Material 14 is a till-derived 
and/or a till deposit. The brief macromorphological 
characteristics and descriptions of the paleosols as well as 
the weathering zones of Sites 4 and 5 are given in Appendix A. 
A shorthand description of these data are also presented in 
Figure 20. 
Particle size analysis 
The textural classes, reported in Figure 20, do not 
include all the classes reported in Site 4 and 5 of Appendix 
A. However, the major textural classes, as far as the space 
in Figure 20 permitted, are presented. 
As shown Figure 20, the stratification is an important 
property of materials 7 through 14 at Site 4. Fining upward 
trends in texture are noticeable in materials 7, 9, 12, and 
13. Materials 8 and 14 are stratified with poorly sorted 
sand. This means that the sand fractions are fairly uniformly 
distributed among different fractions in the 50 |jm to 2000 |im 
range (see data in Appendix C). 
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The stratification at Sites 4 and 5 is much greater than 
at Sites 6 and 8. Sites 6 and 8 represent the two lower and 
younger terrace levels in the transect. The number of the 
differentiated materials for Site 4 is 15, for Site 6 is 10, 
and for Site 8 is 8, as shown in Figure 19. The high terrace, 
represented by Sites 4 and 5, has the greatest stratification. 
Generally, a great variability in the clay, silt, and 
sand contents shows the stratified nature of materials 7 to 
14. The effect of clay in particle size distribution can be 
removed, such as in "clay-free" sand percentage analysis. 
Hence, the relationship between sand and silt can be used as 
an index of variability. With this method, the stratification 
and the textural breaks in materials 7 to 15 are clearly 
indicated (Figure 23). The level of stratification, however, 
is much greater for the materials in the depth interval of 7 m 
to 10 m. The "clay-free" sand percentage ranges from less 
than 10% to about 90% for the 7 m to 10 m depth (see Figure 24 
and Appendix B). 
Another index of variability is the relationship among 
sand fractions. The ratios of medium sand to fine sand and of 
fine sand to total sand are shown in Figure 25. The medium 
sand to fine ratio shows a greater variability and hence it is 
a better index of variability. This ratio ranges from 0.1 to 
0.8 for these deposits. The fine sand to total sand ratio 
ranges from 0.25 to 0.65 (Figure 26). 
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Once the ratios of fine sand to total sand in the pre-
Illinoian till (Figure 9 in Upland Stratigraphy) are compared 
with the respective ratios in materials 7 to 14 (Figure 26), 
the degree of stratification and variability in these 
materials will be better understood. The ratio of fine sand 
to total sand is basically constant at 0.37 for the pre-
Illinoian till at Site 0, indicating that the pre-Illinoian 
till is fairly uniform in textural composition, as opposed to 
the stratified alluvial-colluvial sediments of Site 4. 
The alluvium-colluvium materials are generally stratified 
in the high terrace of the transect. There are also some 
uniform zones with fine-textured materials in them. For 
example, the materials in the 12.6 m to 14.0 m depth (zone 
lOOL) are silty clay loam with an average ratio of coarse silt 
to fine silt of 0.57, standard deviation of 0.05 and a 
coefficient of variation of less than 10%. The field 
description denotes this zone as till-like but lacking greater 
than 2 mm particles (see Appendix A). 
Another uniform zone is the till-like zone from 20.6 m to 
21.9 m. The texture of this zone is loam with a coarse silt 
to fine silt ratio of 0.97 and a standard deviation of 0.08 
(see Figure 26 and Appendix B). Therefore, this till-like 
zone is also fairly uniform. For correlation purposes, 
however, it has a coarser silt fraction than the Alburnett 
Formation of pre-Illionian till at Site 0. The average ratio 
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of coarse silt to fine silt at Site 0 is 0.59 with a 0.07 
standard deviation. However, the coarse silt to fine silt 
ratios of the Alburnett Formation at Site 0 and zone lOOL 
(12.6 to 14.0 meters) at Site 4 are almost the same. The 
ratio of expandable clay to kaolinite in zone lOOL is 1.4. 
This ratio is higher than that of the Alburnett Formation in 
Site 0, i.e., it is more than 1.05. 
Clay mineralogy 
Zones 12UU, 13UU, and 14UL at Site 4 are stratified, as 
shown in Appendix A and Figures 23, 25, and 26. The reasons 
for the great stratification are mainly related to the 
topographic position of this Site. However, the clay 
mineralogy at these zones may provide useful clues about the 
origin of the stratified materials at these zones. The clay 
mineral contents of 12UU, 14UL, and 15UL (till-like sediment) 
zones at Site 4 are very similar to those of the Alburnett 
Formation at Site 0. As the data indicated in Table 4 for 
Site 0, the Alburnett Formation in pre-Illinoian till has an 
expandable to kaolinite clay ratio of 1.05, with a standard 
deviation of 0.07. The corresponding average ratio for these 
zones at Site 4 is 0.97, with a standard deviation of 0.15 
(see Table 7). 
Therefore, based on the mineralogy and partly on textural 
data the materials overlying the shale bed rock at Site 4, 
Table 7. The clay mineral contents and the relationship of expandable clays and 
kaolinite of the colluvial-alluvial sediments at Site 4 (high terrace) 
Sample Site Zone Depth (m) Percentage Ratio 
(midpoint) Exp^ Kin Verm Qtz Exp/Kin 
55312 4 lOOL 13.87 44 32 13 2.5 1.4 
53518 12UU 15.70 33 35 14 2.7 1.0 
55329 14UL 18.78 23 29 11 0.8 
55337 15UL 21.18 36 32 16 3 . 9 1.1 
O UJ 
$ The percentage of expandable also includes vermicuixre. 
Abbreviations: Exp=expandable, Verm=vermiculite, Kln=kaolinite, Qtz=quartz 
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i.e., zones 12UU, 14UL, and 15UL may be related to the 
Alburnett till formation of Site 0. This relation indicates 
that a significant portion of the deposits at Site 4, namely 
from depths of 15 m to 22 m, were truncated from the valley 
walls of the Alburnett Formation till and formed the materials 
of these zones. However, the possibility of the existence of 
an older member of pre-Illinoian till with a similar 
mineralogy to that of Alburnett Formation as a source of the 
materials cannot be ruled out. 
Environments of deposition 
The clay-free sand data and coarse silt to fine silt 
ratios suggested a great variability in the materials below 
the paleosols (Figure 26). The poorly sorted sand fraction of 
the materials may indicate that turbulent and/or high to 
medium flow regimes were the possible depositional 
environments of these sediments. The other alternative is 
that the materials were from local sources, for example from 
the truncation of the valley walls, therefore they may not 
have been transported a great distance and accordingly not 
sorted well. 
In the case of a local source, the sorting agent was 
mainly gravity rather than running water, which resulted in 
poorly sorted materials. Because there is no information 
available about the internal structure of the sediments such 
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as cross bedding or planar bedding and the direction of 
bedding, it is not be possible to further speculate about the 
environments of deposition at these sites. 
The complex stratification which occurs in materials 7 to 
14 of Site 4 is fairly typical of the old valley fills in the 
loess-covered terraces of southern Iowa. Sites 4 and 5 
represent the highest terrace level in the transect and, 
therefore, the materials below the paleogeomorphic surfaces 
are the oldest with respect to the low loess-covered terrace 
in the transect. The long period of deposition, possibly in 
the order of few hundred thousand years, and the unknown 
depositional environments of the glacial and interglacial 
periods, caused complex stratification of the sediments in the 
high terrace level. 
In addition to the above interpretation, due to the 
landscape position of Sites 4 and 5, they were likely to 
receive sediments from the valley wall's erosion and the 
uplands as well as from the fluvial system of the Whitebreast 
Creek. This creek was likely a river during the interglacial 
periods of pre-Wisconsin time. Therefore, the interfingering 
and mixing of alluvial and the local alluvial-colluvial 
sediments occurred in the valley. The resultant heterogeneity 
is well shown by the stratification of the materials at Sites 
4 and 5, as documented in Figure 26. 
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Middle Terrace (Sites 6 and 7) 
Sites 6 and 7 represent the middle loess-covered terrace 
level in the Whitebreast Creek Watershed. Site 6 is located 
on a ridgetop, and Site 7 is located on a backslope position 
of the terrace. The location of these sites is shown on the 
topographic map in Figure 7 in the Methods and Materials 
section. The elevations of these sites are 278.6 and 275.8 
meters, respectively. The depth of sampling at Site 6 was 
20.42 m and at Site 7 was 5.36 m. 
The soil and rock stratigraphy of these sites and also 
their relationships with the materials in the upper and the 
lower sites are shown schematically in Figure 19. Figure 27 
shows the stratigraphy of Sites 6 and 7 in more detail. 
Land-surface soil 
The surface soil formed in the upper part of the 
Wisconsin loess is Pershing silt loam, bench, with 2% to 5% 
slope. This soil at Site 7 is on a backslope position and it 
is gently sloping with 5% to 9% slope. The family 
classification is similar to the Pershing soil that was 
reported for Sites 4 and 5. 
Wisconsin loess and Basal Loess paleosol 
Thickness of the loess is 2.29 and 1.98 meters at Sites 6 
and 7, respectively. These thicknesses are about 1 m less 
Site 6 Site 7 
280 
275 
270 
C 
o 
(0 
> 
ai 
265 
260 
255 -
278.6m 
3Eb 
3Blb 
MOL 
MOL 
MOL 
MDL 
UU 
UU 
UL 
UL 
UL 
1 m 
3 il 
5 
6 
^ ^ < / 
\ 
7 
<2^  / 
\ yyy/j 
8 
9 
10 • • m • \ \m .* •". J 
Wisconsin loass 
Bnsal looss 
Lalo-Sangamon palaosol In sllty sediment 
Lale-Sangamon paleosol In pedlsedlment 
Stratified Clayey alluvium 
Slickensldo zone 
1 llf 
3Eb 3 ( (  
•4Btb 4 
MOL 5 
sic I 
li?' 
>|C 
Till-liko sediment 
Mixed zone 
Sliale 
Ploure 27. The soil and we.therln, zone stratigraphy of the middle terrace « 
and 7. Clayey alluvium with a thickness of about 12 m is under 
Sangamon paleosol. Horizontal distance is not to scale. 
108 
than the loess thickness reported for the stable upland at 
Site 0. This relationship indicates erosion of the Wisconsin 
loess at these terrace locations. The silty clay loam Basal 
Loess paleosols at these sites are similar to those reported 
earlier for Sites 4 and 5. 
Late-Sanaamon paleosol 
Morphology 
The abbreviated macromorphological characteristics and 
descriptions of paleosols and weathering zones of Sites 6 and 
7 are given in Appendix A. As the data show, only one 
pedogenetically well expressed paleosol underlies the Basal 
Loess paleosol. 
A well developed Late-Sangamon paleosol is formed in a 
silty and a loamy pedisediment at Site 6. This paleosol 
overlies a stratified fine alluvium. This relation is 
schematically shown in Figure 27. The properties of the fine 
alluvium (materials 5 and 6) will be presented later in this 
section. 
As shown in Figure 28 and Appendix A, the well expressed 
paleo-argillic horizon with a high clay content (up to 60%) 
might be evidence of landscape stability of this middle 
terrace position for a significant period in Late-Sangamon 
time. The thickness of the argillic horizon (3Btbl) is more 
than 1 m. The ratio of the illuviated/eluviated clay (i.e. 
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3Btb/3Eb) is about 2.7 This large ratio indicates a 
significant amount of pedogenic clay was translocated and 
moved into the lower paleosolum of the Late-Sangamon paleosol 
at Site 6. However, the 2.7 ratio is too high even for a well 
expressed horizon. It is feasible that the upper part of the 
material 4 which was used for calculation of the ratio is 
formed from a different material with initial lower clay 
content. The chemical properties of the paleosol (to be 
discussed in Part II) at Site 6 show some evidence for this 
hypothesis. 
A thinner but well expressed and developed argillic 
horizon is also present in the Late-Sangamon paleosol at Site 
7 (Figure 28 and 29). This argillic horizon is less than l m 
thick with a clay ratio (3Btb/3EBb) of 2.1. 
The Late-Sangamon paleosols at Sites 6 and 7 are 
pedogenically similar, but they have formed in completely 
different parent materials. The argillic horizon at Site 6 is 
formed in a silty sediment, whereas that of Site 7 is formed 
in a loamy till-derived pedisediment. 
The differences in the parent materials are fairly 
obvious in Figures 30 and 31. The silty sediment at Site 6 is 
uniform with an average coarse to fine silt ratio of 0.45. 
The ratio for the till-derived pedisediment of Site 7 ranges 
from 0.32 to 0.80 and is variable. This silty sediment is 
also present at Site 7, but the thickness is half of the silty 
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Figure 29. The cumulative percentage of particle size 
distribution at Site 7 (middle terrace, backslope). 
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sediment at Site 6. The geomorphic backslope position at Site 
7 was likely the reason for erosion and the thinner thickness 
of silty sediment. 
In general, the pedogenic and geologic differences in the 
morphology and the parent materials of the Late-Sangamon 
paleosols are in agreement with their landscape positions. 
The Late-Sangamon paleosol of Site 6 was located on a stable 
summit position whereas the Late-Sangamon paleosol at Site 7 
was located on a relatively less stable backslope position. 
Further evidence for differences in the pedogenesis of 
the Late-Sangamon paleosols is shown in Figures 3 2 and 33. As 
Figure 32 shows, the fine clay to total clay distribution with 
depth has two maxima in materials 2, 3, and 4 at Site 6. One 
maximum occurs at the interface of the Basal Loess paleosol 
and the Late-Sangamon paleosol. The other maximum occurs in 
the 3Btbl horizon at a depth of 3.2 m. The continuous ratio 
function in materials 3 and 4 shows a stable pedogenic 
environment for formation of the argillic horizon at this 
site. There is weak evidence of polypedogenesis at a depth of 
3.2 m, as shown by a slight shoulder in the ratio function at 
the depth 3.2 m. 
Particle size analysis 
As shown in Figure 27, from the top down the rock 
stratigraphy at Sites 6 and 7 consists of Wisconsin loess with 
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Figure 30. The coarse silt to fine silt ratio at Site 6 
(middle terrace, ridgetop). 
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Figure 31. The coarse silt to fine silt ratio of the 
paleosols and the weathering zones at Site 7 
(middle terrace, backslope). 
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and the weathering zones at Site 6 (middle terrace, 
ridgetop). 
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Figure 33. The fine clay to total clay ratio of the paleosols 
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backslope). 
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its basal increment over pedisediment. The underlying 
sediments from the top down are silty clay, clay, and loam 
texture. The sand content increases from materials 3 to 4. 
The loamy pedisediment at 4.0 to 4.2 meters represents a 
pediment at Site 6. 
The fine clay to total clay ratio of Site 7 is shown in 
Figure 33. There is no peak between the Basal Loess and the 
Late-Sangamon paleosol. However, there are three maxima 
(peaks) in material 3 and 4 of Site 7 in the Late-Sangamon 
paleosol. The discontinuity of the ratios not only indicates 
the strong polygenetic nature of the Late-Sangamon paleosol 
but also the instability of the Late-Sangamon surface(s), as 
related to its backslope position of the middle terrace. 
The cumulative percentage of particle size distribution 
of Site 6 is shown in Figure 28. As shown in this figure, the 
loamy pedisediment has a sand content which ranges from 39% to 
43%. The sand fraction data (Appendix C) show a coarser and 
more poorly sorted sand fraction for the loamy pedisediment at 
Site 7. The greater content of the coarser sand in the 
pedisediment of Site 7 could be related to its landscape 
position which caused an accelerated erosion rate and removal 
of very fine to fine sand from the pediment surface. The 
presence of a pediment surface at the 4 m depth in the 4BCtb 
horizon at Site 6 is clearly illustrated by coarse to fine 
silt ratios (Figure 30 and 31). The coarse silt to fine silt 
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ratio is maximum (1.24) at the 4.2 m depth. The sand content 
(44%) is also maximum at the 4.0 m depth. 
As Figure 30 shows, the pediment or an erosion surface 
overlies about 12 meters of a clayey alluvium at Site 6. Only 
the upper part of the clayey alluvium is shown at Site 7 as 
zone 5M0L. The stratigraphy of the fine alluvium will be 
presented in the next section, following clay mineralogy of 
the paleosols. 
Clay mineralogy 
The clay mineral contents of the Pre- and Late-Sangamon 
paleosols at Sites 6 and 7 are presented in Table 8. As the 
data indicate, the sola of these paleosols have similar 
expandable clay and kaolinite clay contents to those reported 
for the Late-Sangamon paleosols at Sites 4 and 5 and those of 
the erosion surfaces. In the sola of the Late-Sangamon 
paleosols (i.e., buried Eb and Bb horizons), the expandable 
clay content ranges from 47% to 53%. The kaolinite contents 
range from 28% to 31%. The ratios of expandable clays to 
kaolinite content range from 1.6 to 1.9 which are close to 
those reported for Sites 4 and 5 and those of erosion 
surfaces. This trend and similarity in the clay contents may 
suggest a similar source materials for clays and/or a similar 
intensity of weathering of the source materials. 
Table 8. The clay mineral contents and the relationship between expandable clays 
and kaolinite of the paleosols at Sites 6 and 7 (middle terrace) 
Sample Site Zone depth (m) Percentage^ Ratio 
(midpoint) Exp^ Kin. Verm Mica Qtz Fe203 Exp/Kln 
53513 6 3EBb 2.20 50 29 15 2.1 3.8 1.7 
53515 3 EBB 2.51 47 30 17 13 7.3 3.0 1.6 
53521 3Btbl 3.18 52 30 18 12 1.5 2.1 1.7 
53522 3Btb2 3.41 53 28 16 11 3.4 1.7 1.9 
53525 4BCtb 4.22 51 31 19 11 2.6 4.1 1.7 
53616 7 3EB 2.43 47 30 15 5.5 1.6 
53621 4Btb 3 .02 52 30 17 2.6 1.7 
53625 4BCtb 3.94 52 29 14 3.0 1.8 
53626 4BCb 4. 10 51 29 19 2.9 1.8 
53630 5Btb? 5. 00 49 28 18 1.7 1.8 
@ The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
$ The percentage of expandable also includes vermiculite. 
Abbreviations; Exp=expandable, Verm=vermiculite, Kln=kaolinite, Qtz=guartz 
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Figure 34. The cumulative percentage of particle size 
distribution at Site 6 (middle terrace, ridgetop). 
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Figure 35. The coarse silt to fine silt ratio at Site 6 
(middle terrace, ridgetop). 
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Figure 36. The sand fraction distribution at Site 6 (middle 
terrace, ridgetop). 
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Fine alluvium below oaleosols 
The cumulative particle size distribution at Site 6 is 
shown in Figure 34. The texture of the 12 m clayey alluvium 
is silty clay to clay, with less than 5% sand. However, zones 
5M0L and 6M0L down to the 8.75 m depth of the clayey sediment 
at Sites 6 are stratified (Figure 35). The coarse silt to 
fine silt ratio of these zones ranges from 0.17 to 0.54 with 
an average of 0.31, standard deviation of 0.10, and 
coefficient of variation of 33%. 
The clayey sediments in materials 7 and 8 at a depth of 
8.75 m to 14.93 m are uniform and they show a fining upward 
trend from 16.8 m up to 8.75 m depth, as shown in Figure 35. 
The ratio of coarse silt to fine silt at a depth of 16.4 m is 
0.34 and gradually decreases to 0.06 toward the upper depths. 
The geometric means of the ratios for the upper stratified 
(5.2 m to 8.75 m) and the lower uniform (8.75 m to 14.93 m) 
zones of the clayey sediments are 0.31 and 0.10, respectively. 
The relatively large difference between the geometric mean 
values may indicate that the sources and/or depositional 
environments of the clay sediment at these zones were 
different. 
The sand fractionation data are shown in Figure 36. As 
the data show, from a depth of 17 m to 19.2 m the materials 
are loamy and poorly sorted. These materials resemble till 
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and they are called till-like sediments. These materials 
overlay a shale bedrock. 
Clay mineralogy and correlation 
The clay mineralogy data of materials 6, 7, 8, 10, and 
shale bedrock are given in Table 9. The ratios of expandable 
to kaolinite in zones 7MUU, 8UU and lOUL are 1.7, 1.4 and 1.2, 
respectively. The expandable clay decreases with depth from 
51% in zone 7MUU to 37% in zone lOUL. The shale bedrock has a 
ratio of expandable to kaolinite of 0.3, indicating a very low 
percent of expandable clay (14%) and a high kaolinite content 
of 41%. The mica content increases with depth from 12% at a 
depth of 10.12 m to 16% at a depth 18.27 m. At the depth of 
20.21 m, the shale bedrock reaches its highest mica percentage 
(29%). 
The increase in mica and kaolinite and the decrease in 
the content of the expandable clays with depth may suggest 
mixing of materials of zones 7MUU to lOUL with that of bedrock 
as a reason for the lower expandable and the higher mica and 
kaolinite contents of these zones. 
Mixing of till-like and/or till-derived materials of 
zones 9UL and lOUL with the shale bedrock is likely due to 
their stratigraphic position which is over the shale. 
However, mixing of the material of zone 7MUU with that of the 
shale is very unlikely due to both distinct textural 
Table 9. The clay mineral contents and the relationship between expandable clays 
and kaolinite of the materials below the paleosols at Site 6 (middle terrace) 
Sample Site Zone Depth (m) Percentacre Ratio 
s (midpoint) Exp'^ Kin. Verm Mica Qtz Fe^O.^ Exp/Kln 
53530 6 6M0L 5.30 5? ,29 19 11 2.0 1.4 1.8 
53533 6MOL 6.40 53 28 14 11 2.9 
55410 7MUU 9.91 53 29 13 14 1.8 
55411 7MUU 10.12 51 30 16 12 1.7 
55423 8UU 14.48 43 31 13 14 1.4 
55430 lOUL 18.44 37 31 14 16 1.2 
55434 SHALE 20.27 14 41 4 29 0.3 
@ The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
$ The percentage of expandable also includes vermiculite. 
Abbreviations: Exp=expandable, Verm=vermiculite, Kln=kaolinite, Qtz=guart2 
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difference between these zones and stratigraphic position. 
However, the expandable to kaolinite ratio of zone 8UU is 1.4 
which is an intermediate ratio. 
The source of the high expandable clays in material 6 is 
also not clear. Based on the high ratios (1.7 to 1.9) of the 
expandable to kaolinite, a possible source for zones 6M0L, 
6MDL, and 6MUU could be the surrounding Yarmouth-Sangamon 
surfaces. The expandable to kaolinite ratio of the Yarmouth-
Sangamon paleosol on the upland at Site 0 has a range of 1.7 
to 2.0 (Table 4 in Upland Stratigraphy). Therefore, material 
6 has ratios within the range of the Yarmouth-Sangamon 
paleosol ratios for the expandable clays to kaolinite ratios. 
Zone lOUL (Figure 27), with a ratio of expandable clays 
to kaolinite of 1.2, may be correlated with the Alburnett 
Formation. This formation has an average ratio of 1.05 at 
Site 0, as reported in the Upland Stratigraphy in Table 4. 
The expandable to kaolinite ratios normally range from 2 
to 3 as reported by Hallberg (1980) for the members of the 
Wolf Creek Formation, based on the peak intensity method of 
Hallberg et al. (1978). The same author reported a ratio 
range of 1.3 to 1.8 for the Alburnett Formation. As discussed 
in the materials and methods, the XRD method used by Hallberg 
et al. (1978) may overestimate the amount of expandable clays 
but underestimate kaolinite content. This could be the 
rationale for the reported greater ratios as compared with the 
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corresponding lower ratios obtained by use of the combination 
method in this project. 
Environments of deposition 
The origin and environments of deposition of the clayey 
sediments are not clear. One may hypothesizes that river 
fluvial environments were the depositional environments of the 
fine stratified alluvium at Site 6. Such deposits in oxbow 
lakes and/or backswamp settings are common in similar 
sedimentary environments. This implies presence of a 
relatively large meandering river system with active overbank 
flooding for a significant period of time. Under this 
condition, fine alluvium could concentrate with a considerable 
thickness in those sedimentary systems. 
However, the relatively broad alluvial plain setting for 
deposition of the clayey sediments cannot be ruled out, since 
factors such as rates and extent of floods in the Pleistocene 
are not clearly known. The clay sediment formation postdates 
the deposition of the till derived and till-like zones (zones 
9UL and lOXJL) at this site but it predates Late-Sangamon time, 
based on the superposition principle. 
The textural characteristics of the clayey sediments 
varied with time. For instance, the lower uniform clayey 
sediment, which is basically composed of <20-|am particles 
(mainly fine silt and clay), was possibly formed when uniform 
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materials were deposited at these sites. The other 
possibility is that the fine and uniform clayey sediment was 
formed as a uniform airborne clayey loess deposition on an 
oxbow lake, for example. 
The upper stratified part of the clayey sediment could 
have been deposited when flooding of variable magnitude 
occurred and resulted in the stratification of the overbank 
fine sediments. Highly fluctuated flows in the fluvial system 
with moderate to low energy flow regimes occurred upon 
climatic fluctuations in the watershed during the period of 
formation of the upper clayey sediment. 
However, the clay content of the clayey sediments is 
high, and it is between 4 0% and 60%. With this high clay 
content a loess source, especially for the lower uniform zone, 
is less likely. The unweathered loess in Iowa normally has 
less than 30% clay. In general, the longer the deposition 
distance from a loess source the higher the clay content, as 
reported by Coleman and Fenton (1982). However, the great 
thickness of the clayey sediment may indicate a depositional 
environment that caused a sediment concentration. Moreover, 
the unoxidized morphology of material 7 (N 5/0, N 4/0, and 5Y 
4/1) of the uniform clayey sediment might be further evidence 
for a reducing depositional environment. 
Nevertheless, the possibility of an airborne source 
cannot be ruled out, unless the investigations of sedimentary 
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structures of the clayey sediment show otherwise. Obviously, 
this sort of investigation needs either a large cross 
sectional area of the sediment to be studied and/or a large 
number of samples, neither of which was available in this 
study. The sedimentary structure, genesis, and spatial 
continuity of the clayey sediment in the high terraces of the 
watershed can provide valuable information on the Pleistocene 
geomorphology and environments. 
Therefore, the fine-textured alluvium makes the rock 
stratigraphy of Sites 6 and 7 distinct in the whole transect 
of the valley stratigraphy. As shown in Figure 19, the thick 
clayey sediments of Sites 6 and 7 are absent in the other two 
terrace levels. Therefore, the presence of the clayey 
sediments with significant thickness is the main difference 
between the stratigraphy of Sites 6 and 7 and those of the 
stratified alluvium-colluvium of Site 4 and the stratified 
sandy alluvium of Site 8. 
Underlying zone 8MUU of the clayey sediment at Site 6 is 
zone 9UL. This zone is a massive unoxidized, unleached and 
stratified sandy loam to loam, possibly till-derived or a 
local alluvium. The presence of subangular gravel and 
moderately sorted sand at a depth of 16.8 m to 18.3 m 
(Appendix A, Site 6) provides further evidence of a till 
source for this zone. 
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Underlying zone 9UL is zone lOUL. This zone is a 
massive, unoxidized leached, loamy till-like material. At the 
interface of this zone (lOUL) with the shale bedrock is a 
mixed zone. The loam texture, angular to subangular gravel 
and poorly sorted sand fraction at a depth 18.3 to 19.5 meters 
are several lines of evidence of a till source for zone 9UL. 
Moreover, the clay mineralogy indicated that the ratio of 
expandable to kaolinite (1.2) is close to that of the 
Alburnett Formation. Hence, the depositional environments of 
the till-like and/or till-derived sediments were completely 
different from those of the clay sediments. 
Low Terrace (Sites 8 and 9> 
Sites 8 and 9 are located on the lowest level of the 
loess-covered terraces in the Whitebreast Creek watershed 
project. Site 8 is on a ridgetop (summit) position and Site 9 
is located on a backslope position of the low terrace. The 
position of these sites is shown oh the topographic map in 
Figure 7. The elevation and the sampling depth for Sites 8 
and 9 were 270.7 and 16.15, 269.7 and 5.61 meters, 
respectively. 
The geometric and stratigraphic relationships of these 
sites to the rest of the sites in the transect of the valley 
are shown in Figure 19. More details for Sites 8 and 9 are 
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documented in Figure 37. This figure shows the stratigraphic 
sequence for Sites 8 and 9. 
Land-surface soil 
The surface soil formed in Late Wisconsin loess at Sites 
8 and 9 is Pershing silt loam, bench, with 2 to 5 percent 
slope and Pershing silt loam, bench, with 5 to 9 percent 
slope. The family classification of these soils is fine, 
montmorillonitic, mesic Aquollic Hapludalfs. The same soil 
family name is reported for the land-surface soil at Sites 6 
and 7. 
Wisconsin loess and Basal Loess paleosol 
The loess thickness at Site 8 is 2.29 m which is similar 
to those at Sites 6 and 7 on the higher surfaces. However, 
the loess thickness at Site 9 is relatively thin (1.13 m), due 
to erosion of the backslope position. As shown in Figure 19 
and indicated by data in Appendix A, the silty clay loam 
Wisconsin loess with its basal loess increment is similar to 
those on the higher terraces (Sites 4 to 7). The Basal Loess 
paleosols cover the Late-Sangamon surfaces. The Basal Loess 
paleosol had a grayish brown matrix color (2.5Y 5/2). The 
texture of this paleosol was silty clay loam with a weak 
medium platy structure. 
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Figure 37. The soil and weathering zone stratigraphy of the low terrace at Sites 8 
and 9. The sandy alluvium with a thickness of 9 m underlies the Late-
Sangamon paleosol. Horizontal distance is not to scale. 
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Late-Sanaamon paleosol 
The Late-Sangamoh paleosols at Sites 8 and 9 have a 
similar thickness. However, these soils commonly are 
polygenic since they show evidence of different environments 
as well as parent materials. More details about the Late-
Sangamon paleosol will be presented here. 
Morphology 
The matrix colors of the solum (3Eb and 4Bb horizons) at 
Site 8 were of lOYR hue with values of 5 and 6 and chromas of 
2 to 4. The matrix colors were mainly oxidized light grayish 
brown to grayish brown to brown. Common clay films and 
distinct to prominent redoximorphic features such as Mn and Fe 
oxides and coatings were also present in the solum (see 
Appendix A). The soil structure was mainly medium platy in 
the upper solum and medium prismatic parting to fine and 
medium subangular blocky structure at the lower solum. The 
Late-Sangamon solum at Site 9 had a similar macromorphology as 
that of the Late-Sangamon paleosol at Site 8. 
The extent of pedogenic advancement such as the degree of 
expression of the argillic horizon in the loamy pedisediemt of 
the Late-Sangamon paleosols at Sites 8 and 9 is not great 
(Figures 38 and 39). This observation is supported by the 
analysis of the fine clay to total clay distribution (Figures 
40 and 41). Based on the assumption that the silty sediment 
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in site 6 is younger than the loamy pedisediment in the solum 
of Site 8, hence. Site 6 should have had a less developed 
argillic horizon. The argillic horizons of Site 6 (Figure 30) 
and even Site 7 (Figure 31) are more differentiated than those 
in the pedisediment of the Late-Sangamon paleosol of Sites 8 
and 9. The clay distribution in the argillic horizons of the 
Late-Sangamon paleosol at Site 6 (Figure 28) and Site 7 
(Figure 29) show very smooth functions whereas this is not the 
case in the Late-Sangamon paleosol at Site 8. 
This discrepancy in terms of argillic horizons is 
partially caused by textural differences of the two materials, 
i.e., between the silty sediment and the loamy sediment in 
Sites 6 and 8. The other explanation is that for some 
reasons, for example a high water table in the valley, the 
development of the argillic horizon in the Late-Sangamon 
paleosol was slow at Site 8. 
The clay maximum in the solum of the Late-Sangamon 
paleosol at Site 8 is 40% and the equivalent value for Site 9 
is 24%. The main cause of this difference is likely due to 
the parent material differences. The Late-Sangamon paleosol 
of Site 8 is formed in a silty clay loam to clay loam and that 
of the Late-Sangamon paleosol of the Site 9 is formed in a 
loamy pedisediment. Hence, the parent material at Site 8 
initially had a higher clay content as compared to materials 
of the Late-Sangamon paleosol at Site 9. 
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Figure 38. The cumulative percentage of particle size 
distribution at Site 8 (low terrace, ridgetop). 
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Figure 39. The cumulative percentage of particle size 
distribution of paleosols at Site 9 (low terrace, 
backslope). 
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Figure 40. The fine clay to total clay ratio of the 
paleosols and the weathering zones down to the 8 m 
depth at Site 8. 
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Figure 41. The fine clay to total clay ratio of the paleosols 
and the weathering zones in Site 9. 
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Particle size analysis 
The Late-Sangamon paleosols of Sites 8 and 9 are formed 
in sediments ranging from sandy loam, loam, and clay loam to 
silty clay loam texture. The Late-Sangamon paleosol of Site 8 
is formed in a finer textured material than the Late-Sangamon 
paleosol of Site 9. The difference in the texture is well 
illustrated in an analysis of "clay-free" sand, as shown in 
Figures 42 and 43. The "clay-free" sand of materials 4 and 5 
of the Late-Sangamon paleosol at Site 8 is uniform with a 
fining upward trend. It ranges from 35% to 55%. This index 
at Site 9 for the pedisediment is generally over 50% with a 
range of 48% to 88%. However, the pedisediment in materials 3 
and 4 at Site 9 is also uniform and fines upward. 
The possibility of clay transformation and translocation 
was considered further by XRD and fine clay analyses of the 
Late-Sangamon paleosol. There was no difference in the clay 
mineralogy of both sites. This matter will be discussed in 
more detail in Part II. However, there was a big difference 
in the pedogenic translocation of clay between the Late-
Sangamon paleosol of these sites (Figures 40 and 41). 
As shown in Figure 40, there is no significant 
illuviation of fine clay in the solum of the Late-Sangamon 
paleosol at Site 8. The difference between the ratio of fine 
clay to total clay in materials 3 (silty sediment) and 4 (clay 
loam pedisediment) at a depth of 3 m is obvious. To a lesser 
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Figure 42. The "clay-free" sand percentage down to 8 m depth 
at Site 8 (low terrace, ridgetop). 
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extent, a discontinuity is also present between the Basal 
Loess paleosol and the silty sediment. Normally, the fine 
clay to total clay ratio is used to evaluate an eluviation-
illuviation process in soil genesis. That is, this attribute 
shows a process-response mechanism. However, if there is a 
very obvious discontinuity in the depth function of fine clay 
to total clay ratio, it may be also used as an indication of a 
discontinuity. 
The difference in the pattern of the fine clay to total 
clay ratios of the Late-Sangamon paleosol at Sites 8 and 9 
suggests differences in pedogenic as well as depositional 
environment at these sites. This ratio for the pedisediment 
(material 4) of the Late-Sangamon paleosol at Site 8 is 
uniform with depth and has an average of 68% with a 
coefficient of variation of less than 5%. Common gray (lOYR 
5/1) clay films, however, are reported in the macromorphology 
data (Appendix A). The uniformity of the fine clay to total 
data may suggest that prior to deposition of the silty 
sediment, material 4 had gone through a mixing and 
homogenization. A thin section study may provide more 
information about this matter. 
However, one can not rule out the possibility of 
inheritance of the clay coatings from the parent materials in 
the 3Btb and 4BCb horizons, as the upper Late-Sangamon 
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surfaces were eroded and formed the pedisedlment at these 
lower sites. 
On the contrary, the fine clay to total clay distribution 
in the pedisediment of the Late-Sangamon paleosol at Site 9 
shows an eluviation-illuviation relationship with two maxima. 
The ratio fine clay to total clay of 3Btb/3EBb and 4BCb/3EBb 
is 0.75 and 0.85. The presence of two fine clay to total clay 
maxima indicates the polygenetic nature of the Late-Sangamon 
paleosol at this site. However, the pattern of the ratio 
suggests a moderately developed argillic horizon. Part of the 
weaker development of the argillic horizon is due to the 
instability of Site 9 in Late-Sangamon time. A good example 
of a pedogenic distribution of fine clay to total clay in a 
well developed argillic horizon is in the Yarmouth-Sangamon 
solum at Site 0 (Figure 8). 
Clay mineralogy 
The clay mineral contents of the Late-Sangamon paleosols 
at Sites 8 and 9 are reported in Table 10. The expandable 
clay contents range from 44% to 49% for the solum at Site 8 
and 49% to 52% for the solum at Site 9. The kaolinite 
contents range from 28% to 30%, and from 31% to 32% for the 
sola at Sites 8 and 9, respectively. The respective ratio of 
expandable clay to kaolinite ranges from 1.4 to 1.6 for Site 8 
and it ranges from 1.3 to 1.6 for Site 9. These ratios seem 
Table 10. The clay mineral contents and the relationship between expandable clays 
and kaolinite of the paleosols at Sites 8 and 9 (low terrace) 
Sample Site Zone epth (m) 
(midpoint) 
Percentaae® Ratio 
Exp" Kin. Verm Mica Qtz Fe203 EXD/Kln 
53635 8 3EBbl 2.5 49 30 16 7 8 3 1.6 
53636 3EBb2 2.70 44 30 17 8 11.7 4.0 1.5 
53642 4Btb 3 .70 45 28 13 12 2.1 1.5 1.6 
53651 5DL 5.54 44 31 14 13 2.4 3.0 1.4 
53496 9 3EBb 1.51 42 31 16 4.5 1.4 
53502 3Btb 2.54 52 32 14 3.6 1.6 
53505 4Btb 3.42 49 32 14 3.8 1.5 
53511 4M0L 5.31 50 33 14 4.0 1.5 
@ The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
$ The percentage of expandable also includes vermiculite. 
Abbreviations: Exp=expandable, Verm=vermiculite, Kln=kaolinite, Qtz=quartz 
I 
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to be smaller than those reported for the paleosols at Sites 4 
to 7 on the upper terraces. 
Sandy alluvium below paleosols 
The soil and rock stratigraphy of the materials below the 
Late-Sangamon paleosols at Sites 8 and 9 are different from 
the materials below these paleosols located on the higher 
terraces of the transect (Figure 19 and Appendix A, see Sites 
8 and 9). 
The main difference between the materials underlying the 
Late-Sangamon paleosols at Sites 8 and 9 and those underlying 
paleosols at Sites 4 to 7, on the high and middle terraces, is 
presence of a thick coarse alluvium. This alluvium is over 
the shale bedrock. The alluvium has a significant thickness 
of 9 meters from a depth of 6 m to 15 m at Site 8. This 
material is called collectively "stratified sandy alluvium" in 
this section and it is labeled as such in Figure 19. 
Morphology 
The matrix colors indicate various state of oxidation in 
these materials. The morphology of the materials in zones 
SDL, SOL, 6DL, 7DL, and 8UL of Site 8 are oxidized, deoxidized 
to unoxidized (Figure 37). A water table was present at an 
elevation of 261 m at Site 8. Therefore, the lower parts of 
zone 7DL and the whole 8UL zone were saturated, as evidenced 
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by lack of mottling in the gray to dark gray matrix, as 
reported in Site 8 of Appendix A. The coarse alluvium is 
leached of free carbonates and the pH ranges from 6.5 to 7.4 
from a depth of 5.5 m to 13.4 m (see Site 8 in Appendix B). 
However, pH sharply declines to 5.1 at a depth of 13.7 m and 
gradually increases to 6.2 at a depth of 14.6 m. The pH of 
shale bedrock ranges from 7.0 to 7.2. 
Particle size analysis 
The cumulative particle size distribution data at Site 8 
are presented in Figure 44. The stratification of the sandy 
alluvium at Site 8 is shown by the coarse silt to fine silt 
ratios and the sand fraction ratios in Figures 45 and 46. As 
illustrated by the coarse silt to fine silt ratio in Figure 
45, the materials above the 6-m depth are fine, uniform, and 
gradually fine upward. However, the materials of zones 5DL, 
60L, 7DL, 8UL, and the mixed zone over shale bedrock are 
coarse and moderately to very stratified, indicating 
fluctuating high flow regimes were likely the depositional 
environments of the sandy alluvium. 
The ratio of medium sand to fine sand, as shown in Figure 
46, is a good indicator of the stratification, sorting, and 
uniformity of the sandy alluvium. The medium sand to fine 
sand ratio for the pedisediment is less than 0.5 with a slight 
coarsening upward trend. However, this ratio is very variable 
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150 
with a range of 0.5 to 6.7 for the 6.2 m to 10.3 m depths. At 
this depth, the sand is poorly sorted and distributed among 
the medium and coarser sand fractions. 
At a depth of 10.3 m to 13.7 m, the sand ratio is low 
with a range of 0.07 to 0.55. However, at this depth (10.3 m 
to 13.7 m) the material is coarser than the pedisediment 
underlying the Late-Sangamon paleosol in the upper part of 
Site 8. The ratio in zone 8UL at a depth of 13.7 m to 14.9 m 
is very variable with ranges from 1.41 to 3.34, indicating a 
coarse and highly stratified material with a poorly sorted 
sand fraction. Therefore, the morphology and the analyses of 
the grain size show a relatively consistent relationship. 
This means the sandy loam, loamy sand to gravely poorly sorted 
highly stratified materials from a depth of 6.3 m to 10.3 are 
generally oxidized with a few deoxidized layers. The 
materials at a depth of 10.3 m to 13.7 m are moderately 
sorted, deoxidized sand. The highly stratified material at a 
depth of 13.7 m to 14.9 m is poorly sorted and unoxidized. 
The relationship between the morphology and the texture may 
indicate that the morphology, matrix colors, of the materials 
is mainly inherited from the source sediments. 
Clay mineralogy and correlation 
The genesis of the clay of the sandy alluvium is complex. 
The materials in zones 60L and 6DL 6 are poorly sorted and 
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stratified sandy alluvium. At a depth of 7.8 m, these 
materials have an expandable clay to kaolinite ratio of 1.2 
(Table 11). This ratio is slightly higher than the same ratio 
in the Alburnett Formation, indicating that clay contents of 
material 6 and the Alburnett Formation are nearly similar. 
Nevertheless, the texture of the two are very different. As 
Table 11 shows, the expandable clay to kaolinite ratios are 
1.4 and 1.3 for zone 7DL, indicating this zone contains a 
moderate amount of expandable clay (43%). However, more 
differences exist in the texture of the two materials. The 
texture of zone 6DL (sandy) and that of the Alburnett 
Formation (loam to clay loam) are distinctly different. 
Hence, because of differences in texture and expandable 
clay to kaolinite ratio, any correlation of materials 6 and 7 
with this formation is not rational. This indicates that more 
likely materials 6 and 7 have a non-local source. However, 
the fact that fluvial activities of the old valley could have 
mixed materials of different sources makes the correlation 
difficult if not impossible. 
As shown in Figure 37, the whole sequence of the sandy 
alluvium is underlain by shale bedrock. A mixed zone from a 
depth of 14.9 m to 15.6 m underlies the sandy alluvium and 
overlies the shale. The shale at Sites 6 and 8 has very 
similar texture and mineralogy. The texture at both sites is 
silty clay loam. The clay mineral data of Sites 6 and 8 are 
Table 11. The clay mineral contents and the relationship between expandable clay 
and kaolinite of the materials below the paleosols at Site 8. 
Sample Site Zone Depth (m) Percentage' Ratio 
(midpoint) Exp^ Kin. Verm Mica Qtz Exp/Kln 
55347 8 60L 7.86 38 32 14 14 1.2 
55359 7DL 11.28 43 30 14 15 1.5 1.4 
55366 7DL 13.41 43 32 14 16 6.8 1.3 
55372 SHALE 15.54 13 42 4 34 0.3 
6 The total percentage of the clays may not be exactly 100%. Refer to the Materials and Methods. 
$ The percentage of expandable also includes venniculite. 
Abbreviations: Expsexpandable/ VeraBvexmiculite/ Kln«kaolinite, Ot^s^guarts • 
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given in Tables 10 and 11. The expandable clays to kaolinite 
ratio of the shale is 0.3 at both sites. The other 
mineralogical ratios and the texture (see Appendix A) are also 
very similar. Therefore, the underlying shale is basically 
uniform and continuous. As shown in Figure 19, there is a 
decline in elevation of the shale bedrock from Sites 6 to 8. 
This decline is relatively slight and possibly related to a 
Pre-Late-Sangamon erosion episode of the bedrock. 
Environments of deposition 
The coarse sandy alluvium below the paleosols has various 
stratification and sorting levels, as mentioned in the 
previous sections. The fact that SDL, 60L, 6DL, and 7DL zones 
have no or small amounts of >2-mm particles confirms that 
fluvial systems were likely responsible for the deposition of 
the sandy sediments (see Appendix A, Site 8). In addition, a 
lack of correlation of the sandy alluvium with the Alburnett 
formation may also confirms a non-local erosional sediments as 
source of the sandy sediment. However, the energy of flow 
systems has been changed from high to moderate regimes, which 
was probablly dominated with moderate flow regimes. Zone 8UL 
at Site 8, for example, shows a fining upward textural trend 
with a texture range of gravely loamy sand to loamy sand to 
sand to loam. In the lower parts, this zone is mixed with 
shale bedrock (see Site 8 in Appendix A). This zone may have 
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formed in a high flow regime such as a flooding system which 
then receded to a more moderate flow regime, as suggested by 
the fining upward trend of zone 8UL. 
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DISCUSSION 
The stratigraphy of the uplands adjacent to the valley in 
the Hhitebreast Creek Watershed was studied. The results of 
soil and rock stratigraphy indicated that from the top down 
the Wisconsin loess with its basal loess covers a paleosol and 
the pre-Illinoian till. The general relationships between the 
soil and rock stratigraphy in the transect, including upland, 
upland erosion surfaces, and loess-covered terraces, are shown 
in Figure 47. 
On the upland, Grundy silty clay loam (fine, 
montmorillonitic, mesic Aquic Argiudolls) occurs on the land-
surfaces of Sites 0 and 1. Pershing silt loam (fine, 
montmorillonitic, mesic Aquollic Hapludalfs) occurs at the 
land-surfaces at Sites 2 and 3. 
A thin Basal Loess paleosol (BLP) with a silty clay loam 
texture is formed in the basal increment of Wisconsin loess. 
These sola are 16-24 cm thick, weakly developed, with brownish 
gray to grayish brown matrix colors. The Basal Loess sola 
contained redoximorphic features such as segregation of Fe-Mn 
oxides and mottling. They have slightly higher organic matter 
content than the superjacent and the subjacent materials. The 
Basal Loess paleosols are soil stratigraphic markers, 
separating the overlying Wisconsin loess from the underlying 
materials. A silty sediment, pre-Illinoian till, and/or till-
derived pedisediment were under the Basal Loess paleosols. 
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The relatively thick (1.8 m) Yarmouth-Sangamon solum on 
the stable upland position (Site 0) has, generally, gray 
matrix colors. The Yarmouth-Sangamon paleosol is a well 
developed paleosol at this site. In the solum of this 
paleosol, a well developed paleo-argillic horizon is formed in 
a silty sediment and/or the pre-Illinoian till (material 4). 
Material 4 was tentatively correlated with the Alburnett 
Formation. The correlation was done on the basis of 
expandable clay contents and textural properties. This type 
of till correlation was proposed by Hallberg (1980). 
On the upland erosion surfaces at Sites 1, 2, and 3 
(Figure 47), a Late-Sangamon surface was cut into the 
Yarmouth-Sangamon surface by pedimentation. The thickness of 
the Late-Sangamon sola (without BC horizons) at Sites l, 2, 
and 3 is 1.4 m, 0.8 m, and 2.1 m, respectively. Therefore, 
thickness of the paleosolum significantly decreases on the 
backslope position at Site 2, but it increases in the 
footslope position of Site 3. The Late-Sangamon paleosols of 
Sites 2 and 3 were less developed paleosols as compared to the 
Yarmouth-Sangamon paleosol on the primary upland. 
Sites 2 and 3 are on the backslope and the footslope 
positions of erosion surfaces. Due to their geomorphic 
positions, their paleosola had the least pedogenic development 
in the whole transect. The paleosols at Sites 1, 2, and 3, 
were truncated due to effects of backwearing pedimentation. 
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resulting into relatively young geomorphic surfaces, as 
compared to the Yarmouth-Sangamon surface on the stable 
upland. 
The Late-Sangamon sola are formed, from the top down, in 
a silty sediment, till-derived pedisediment, till-like, and/or 
pre-Illinoian till. The upper parts of the Late-Sangamon sola 
are formed in pedisediment over an erosion surface. The 
erosion surfaces were not marked by an observable stoneline. 
In the following sections of the discussion, some important 
points about stratigraphy of the upland and the terraces will 
be presented. 
A better understanding of the stratigraphy and genesis of 
old valley fills in the Pleistocene terraces was one of the 
prime purposes of this study. Loess-covered terraces along 
the major valleys and the tributaries are present throughout 
southern Iowa. The stratigraphy of these Pleistocene loess-
covered terraces is generally complex. Generally, they are 
referred to as coarse, old valley fills. (Boeckman, 1994; 
Chowdery, 1989). They represent one of the major 
physiographic units. In southern Iowa, a knowledge of water 
and soil quality issues depends on the understanding of their 
geomorphology, stratification, and mineralogy. This part of 
the study focused on the soil and rock stratigraphy and clay 
mineralogy of Sites 4 through 9. These sites and surfaces 
represent three terrace levels. 
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These Pleistocene terraces encompass several complex and 
distinct deposits. The thickness and aerial extent of the 
terrace deposits are variable in southern Iowa. These 
landforms are deeply incised by pre-Wisconsin erosion. As 
Bettis and Littke (1987) noted, what have been referred to as 
Pre-Late-Sangamon valley fills in southern Iowa are several 
distinct alluvial deposits , with possible development of a 
paleosol(s) in the upper part. The deposition of these 
deposits occurred during the interglacial periods and/or after 
the last pre-Illinoian glaciation of the area, but before the 
deposition of Wisconsin loess (Bettis and Littke, 1987). 
Generally, it is accepted that Pleistocene terraces in 
southern Iowa are formed in coarse-textured alluvium. This 
study revealed that very fine-textured Pleistocene materials, 
with a significant thickness, can also occur within these 
terraces. This new finding is important, in that it can be 
used to further explain the hydrogeological properties of the 
valley. The significant differences in hydraulic 
conductivity, deep percolation rates, and the dynamics of 
throughflow in the coarse and fine materials in these valley 
fills would make the hydrogeology of these sedimentary systems 
more complicated. 
Overall stratigraphy of the investigated terraces 
indicates that the Wisconsin loess with the basal increment 
exists over undifferentiated stratified coarse and/or fine 
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alluvium over the shale bedrock. In the upper part of the 
alluvium and/or colluvium, paleosols are developed, mainly in 
pedisediment materials. These stratigraphic relationships 
among the paleosols and the other deposits are shown in Figure 
47. 
In the bottom parts of the high and middle terraces, at 
Sites 4, 5, and 6, a till-like sediment is over the shale 
bedrock. However, this sediment did not occur in the bottom 
part of the low terrace at Site 8. The absence of the till-
like sediment indicates that the truncation of the pre-
Illinoian till or the till-like sediment from the valley floor 
pre-dates the deposition of the stratified sandy alluvium at 
Sites 8 and 9. 
Upland 
Site 0 on the stable upland was studied for the upland 
Quaternary stratigraphy. The relationships of the upland 
stratigraphy with the rest of the materials and the geomorphic 
surfaces in the transect are shown in Figure 47. Some 
important points about the soil and rock stratigraphy of the 
upland at this site will be discussed here. 
Generally, from the top down, the soil-stratigraphic 
sequence is Grundy silty clay loam over the Basal Loess 
paleosol over a Yarmouth-Sangamon paleosol. The land-surface 
soil and the Yarmouth-Sangamon paleosol had well expressed 
161 
morphology, with well developed argillic horizons in their 
sola. The Basal Loess paleosol had some weakly expressed 
pedofeatures such as color changes and accumulation of organic 
matter (Appendix A and B. see Site 0). 
The thickness of the Wisconsin loess at Site 0 was 3 
meters. The Basal Loess paleosols, that were formed in the 
basal increment of the Wisconsin loess, had platy soil 
structure with silty clay loam texture. These properties were 
similar to those reported in the literature (Ruhe, 1969, 
Woida, 1991). The absolute age of Basal Loess paleosols has 
important stratigraphic implication in relationships of the 
sediments of the transect. 
The Basal Loess paleosol is time trangressive and its age 
is estimated to be 16,500 to 30,000 RCYBP in Iowa (Ruhe, 
1969). Woida and Thompson (1993) reported a range of 21,000 
to 22,000 RCYBP for the Basal Loess paleosols that were formed 
in a toposequence on an upland position in the Earlham quarry 
in Madison County, Iowa. The quarry is located about 80 km 
northwest of the Whitebreast Creek project area. As Allen 
(1971) stated, the age of the Basal Loess paleosol 
progressively decreases from west to east in western Iowa. 
Therefore, the age of Basal Loess paleosol at Site 0 could be 
younger or similar to that reported by Woida and Thompson. A 
Basal Loess paleosol in Wayne County is dated 19,000 RCYBP 
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(personal comm. with Dr. T.E.Fenten). This county is located 
to south of Lucas County. 
A more recent study (1994) on samples from about 10 miles 
downstream of this project in the Whitebreast Creek Watershed 
indicated an age of 18,500 RCYBP for the Basal Loess paleosols 
(personal comm. with Dr. T.E.Fenton). Thus, the age of the 
Basal Loess paleosol at Site 0 was estimated to be 18,000 to 
19,000 RCYBP. The materials underlying the Basal Loess 
paleosol in this transect could be older than 18,000 RCYBP. 
At Site 0 on the upland, a strong and well developed 
argillic horizon was present in the Yarmouth-Sangamon 
paleosol. A strongly developed argillic horizon represents 
strong progressive pedogenesis environments. For example, the 
climatic conditions, favoring the formation of an argillic 
horizons, includes frequent intensive rainy periods followed 
by a prolonged dry season (Buol et al., 1980). Normally, a 
grass canopy is more tolerant in such climatic situation. 
However, many of the argillic horizons in modern soils are 
formed under forest vegetation. Yarmouth-Sangamon time 
spanned a few hundred thousand years, and therefore the 
Yairmouth-Sangamon surface experienced several complex climatic 
conditions, as stated by Woida (1991, p. 152) as follows: 
Morphological and mineralogical properties suggest the 
influence of several climatic regimes while the 
paleosol lay at the land surface (Pre-Illinoian to mid-
Wisconsin time). Clay coatings (argillans), embedded 
argillans, striated birefringence fabrics, 
slickensides, and authigenic barite suggest wide 
variation in precipitation and seasonality through 
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time. Corresponding changes in vegetation, ranging from 
subhumid forest environments, to dry grasslands with 
abundant earthworms, to permafrost, can be extrapolated 
from this information. 
he presence of a thick and well expressed paleo-argillic 
horizon is characteristic of the Yarmouth-Sangamon paleosolum 
at Site 0. The thickness of the solum without the 4BCgb 
horizon is 1.8 m. The paleo-agrillic solum has 2.3 ratio for 
the clay maximum to total clay content of the assumed parent 
material (4M0L zone). Hence, the clay content in the 
Yarmouth-Sangamon solum is high. The genesis of the high clay 
content is not well understood and it is a subject of 
controversy. 
Ruhe (1967) described the pre-Wisconsin surface as swell-
swale topography. The morphology of the soils developed was a 
function of their topographic position. For example, the 
soils in the swale could have received finer, siltier sediment 
from the higher elevation (swell position) of the surrounding 
area, similar relationships at the present time exist in the 
Clarion-Nicollet-Webster soil toposequence in central Iowa 
(Charkhabi, 1990). 
Short- and long-term correlation is a helpful tool in 
geomorphic studies. Based on the clay composition and 
contents, materials 4A and 4B at Site 0 may be tentatively 
correlated with the Alburnett Formation. The Alburnett 
Formation has an average of 40% expandable clay, with a range 
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of 28% to 55% (Hallberg, 1980). The expandable clay content 
of material 4A and 4B in this study is 35%. The expandable 
clay content of the Wolf Creek Formation is 60% by the XRD 
method of Hallberg (1978). The XRD method estimated this 
amount almost two times, i.e., 60% vs. 35% of expandable 
clays. 
It is possible that the XRD method devised by Hallberg 
overestimated the expandable clay content. This is a normal 
problem in correlating low-angle peak intensities of the 
minerals such as smectites or interlayered clays with the 
amount of these minerals present in a specimen. The way Iowa 
Geological Survey Bureau (Hallberg, 1978) partially corrects 
for this problem is to use a logarithmic scale for XRD 
intensity in the calculations of the peak heights. However, 
this problem can also be less if a 2-theta compensating slit 
is used on a XRD tube to reduce the scattering effects at the 
low angles. 
The problem of the difference between the methods may not 
be serious, and it is likely that the difference between the 
60% expandable clay content of XRD method and the 35% of 
thermo-gravimetric method is real. Then, the expandable 
content of 35% in material 4 of the pre-Illinoian till at Site 
0 can be tentatively correlated with that of the Alburnett 
till formation, which has an average of 40% expandable clays. 
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Furthermore, the fine clay to coarse clay ratio (see 
Appendix B) of material 4 is 0.31, indicating that 31% of the 
total clay is made of fine clay (<0.2 nm). Basically, the 
fine clay is comprised of expandable species. Therefore, the 
35% expandable clay estimated by the thermo-gravimetric method 
is likely to be a good estimate of the expandable clay 
percentage by the combination method used in this study. 
The estimation of kaolinite content by the thermo-
gravimetric technique is a fairly accurate and standard 
method. The kaolinite clay content of 34% in material 4 at 
Site 0 is also very close to that of the Alburnett Formation, 
which has 32% kaolinite on average. The ratio of the 
expandable clay content to the kaolinite content for material 
4 has a range of l.O to l.l. Overall, the low content of 
expandable (35%) and the high percentage of kaolinite (34%) of 
material 4, compared to those of the Wolf Creek Formation, 
suggests a correlation with the Alburnett Formation which has 
a similar clay composition to material 4. 
However, the 4BCgb horizon of the upper part of material 
4 has expandable and kaolinite contents similar to that of the 
Wolf Creek Formation, i.e., the expandable and kaolinite 
percentages are 54% and 28%, respectively (Table 4). The 
ratio of expandable to kaolinite is almost twice (ratio=1.9) 
that of the Alburnett Formation (ratio=l). 
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Nevertheless, the correlation of the 4BCgb material with 
the Wolf Creek Formation is not valid, since the pedogenically 
weathered materials of the solum can not be related to the 
unweathered till of the Wolf Creek Formation. Often, 
pedogenic weathering alters not only particle size properties 
but also mineralogy of a material. Meanwhile, the previous 
correlation of the lower part (materials 4A & 4B) with the 
Alburnett Formation can be valid, because both materials are 
in similar unweathered conditions. 
A similar correlation was done by Schilling and Stewart 
(1993). They tentatively correlated the pre-Illinoian till 
with the Alburnett Formation based on clay mineralogy. The 
pre-Illinoian till was directly over Pennsylvanian limestone 
in the Grand River valley in southern Iowa. Moreover, they 
stated that the absence of the younger Wolf Creek Formation 
did not mean that this till formation did not exist in that 
watershed. The Wolf Creek Formation may have been preserved 
on the higher drainage divides. 
The valley walls of the upland landforms of the 
Whitebreast Creek Watershed has experienced significant 
backwearing erosion or pedimentation. Significant amount of 
eroded materials provided the sediment source for construction 
of the valley benches or the loess-covered terraces. The 
macromorphology of the Yarmouth-Sangamon on the primary divide 
(Site 0), such as the gray matrix color and the strong 
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argillic horizon, as well as chemical properties (to be 
discussed in Part II) indicated that the primary divides of 
the upland remained unmodified and stable during the erosion 
episode(s) or pedimentation of the landscape. 
The mineralogical suite of the constructed benches, 
however, potentially should be mixed. These benches, at least 
in parts, are made of a mixture of pedogenically pre-weathered 
and unweathered erosional sediments. The Alburnett and 
possibly Wolf Creek Formations with their paleosola were 
completely truncated from the valley walls and deposited 
downstream in the valley. This action resulted in a mixed 
clay mineralogy in the valley deposits. This issue will be 
discussed in the terrace stratigraphy in the later sections. 
Upland Erosion Surfaces 
Sites 1, 2, and 3 on the upland on stepped erosion 
surfaces are truncated by backwearing pedimentation processes, 
such as slopewash. The younger soil geomorphic surface is a 
called Late-Sangamon surface. This relationship is 
demonstrated in Figure 47, as the Yarmouth-Sangamon surface is 
truncated by the Late-Sangamon surface at Sites 1, 2, and 3. 
The upper part of the Late-Sangamon solum is normally 
developed in pedisediment and the lower part in the pre-
Illinoian till. 
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Ruhe et al. (1967) applied the terms Late-Sangamon 
paleosol and Late-Sangamon Surface to a soil and an erosion 
surface that truncates the Sangamon soil and surface. This 
recognition was based, in part, on presence of a stoneline on 
till. Following this convention, these terms were used 
because the Late-Sangamon surface was younger than Sangamon 
surface but older than the Wisconsin surface. 
Hudak (1987) postulated that the Late-Sangamon surface 
was still exposed in the early stages of the Wisconsin time. 
Therefore, this surface also experienced the Early Wisconsin 
climatic conditions. Under that situation, the Late-Sangamon 
surface and soil continued progressive pedogenesis. 
The oxidized colors, higher carbon content, and thinner 
solum of the paleosol below the Basal Loess paleosol in 
addition to its lower elevation and the presence of 
pedisediment support the field interpretation of a younger 
soil surface and paleosol (i.e., Late-Sangamon) at Site 1. 
The 3Eb horizon of the Late-Sangamon paleosol at Site 1 
may be formed in a local gritty loess. The origin of 20% sand 
in the silty sediment of the 3Eb horizon in the Late-Sangamon 
solum is a matter of discussion. The relatively high sand 
content could be due to the proximity of the site to a loess 
source, for instance Whitebreast Creek Watershed. 
Alternatively, the 20% sand content in the 3Eb horizon might 
be due to the mixing of materials 2 and 4. However, the non-
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gradational boundaries between materials 2 and 3, 3 and 4 in 
the solum do not support the mixing of materials 2 and 4. 
Harlan and Franzmeier (1977) and Hall (1973) used a term 
"sandy loess" for a gritty loess material in the study of Ohio 
river valley. Hall (1973) excluded the "sandy loess" from a 
"silty loess" which had a lower sand content (<4%). Hall 
proposed that sand was picked from local sources by wind and 
incorporated into the "silty loess" and increased the sand 
content. 
The other alternative hypothesis for origin of the gritty 
loess is the involution of sand from underlying materials into 
the upper silty material under the effects of freeze-thaw 
forces (Harlan and Franzmeier, 1977). Similar mechanisms may 
also have increased the sand content of material 3 at Site 1 
and the other sites. 
Loess-covered Terraces 
High Terrace 
The geomorphic surfaces and stratigraphic relationships 
of the high loess-covered terrace were studied in detail. 
Sites 4 and 5 were selected as the representative sites for 
this high terrace level in the valley. At least, two 
paleogeomorphic surfaces were recognized, as evidenced by the 
Late-Sangamon and Pre-Late-Sangamon paloesols. The morphology 
and textural properties of these surfaces were presented in 
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detail. The Late-Sangamon paleosol is thicker, more 
developed, and formed in a more uniform and finer parent 
material than those of the Pre-Late-Sangamon paleosol. 
The alluvial-colluvial and till-like materials underlay 
the Pre-Late-Sangamon surface. The morphological, textural, 
mineralogical properties of these materials showed that these 
materials are generally very stratified. The extent of 
variation is an indicative of depositional environment 
changes, which happened during construction of this high 
terrace level. The sedimentation was induced and affected by 
both gravity (colluvium) and fluvial activities of the creek. 
Although the stratification is a general rule, some 
uniform zones of the materials are also present in the 
colluvium-alluvium of this terrace. The unoxidized and 
unleached zones (12UU to 15UU) of Site 4 were possibly derived 
from till materials of the Alburnett Formation of Site 0, 
based on texture and mineralogy. Therefore, these materials 
could be tentatively correlated with the Alburnett Formation. 
This correlation suggests that significant amounts of 
erosional sediments from valley walls were eroded by 
pedimentation processes and made large portions of the 
terraces at Site 4, as manifested by the colluvial-alluvial 
sediments of zones 12UU to 15 UL. 
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Middle Terrace 
The soil and rock stratigraphy of Sites 6 and 7, as 
representative sites of the materials in the middle terrace 
was investigated in detail. Down to the Basal Loess paleosol, 
the stratigraphy is the same as that of Sites 4 and 5 in the 
high terrace position. However, there were significant 
pedogenic and lithogenic differences in the underlying 
materials. 
The Late-Sangamon paleosol at Site 6 showed weak evidence 
of polygenesis. The polygenic nature of the Late-Sangamon 
paleosol at Site 7 was examined by the fine clay and total 
clay data. The morphology and textural data suggested that 
the argillic horizons in the Late-Sangamon paleosol in the 
middle terrace were more developed than those of high terrace 
(Sites 4 and 5). 
The stratigraphic relationships showed that significantly 
thick clayey sediments are present below the Late-Sangamon 
paleosol. The stratigraphy and clay mineralogy of the 12 m of 
clayey alluvium were investigated. 
The origin and environments of deposition of the clayey 
sediments are not well understood. However, a few possible 
depositional environments were proposed. One possibility is 
that river fluvial environments were dominant during 
construction of the clayey sediment. In such environments, 
the deposition of fine alluvium occurred in an oxbow lake 
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and/or backswamp setting. This implies a presence of 
relatively large meandering river system with active overbank 
flooding for a significant period of time so that fine 
alluvium could concentrate in those sedimentary structures. 
Another possibility is existence of a relatively broad 
alluvial plain setting in which a thick fine alluvium could be 
deposited. The setting would require low energy flow systems 
which is unlikely to have occurred for a significant time in 
the Pleistocene. Finally, an airborne clayey loess deposit in 
a lake environment could be another alternative. 
The upper stratified part of the clayey sediment could 
have been deposited when flooding of variable magnitudes 
occurred due to climatic fluctuation in the watershed, which 
resulted in stratification of the overbank fine sediments. 
Highly fluctuating flows in the fluvial system with moderate 
to low energy regimes could have occurred. This situation 
could have produced the upper stratified clayey sediment. 
Therefore, presence of the fine-textured alluvium makes 
the rock stratigraphy of middle terrace (Sites 6 and 7) 
distinct in the whole transect of the valley stratigraphy 
(Figure 47). The thick clayey sediments are absent in the 
other terrace levels. These stratigraphic sequences suggest 
that the Pleistocene-age terraces could also be formed in 
thick clayey alluvium. This statement disagrees with the 
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hypothesis that the Pleistocene-age terraces are formed in 
coarse alluvium in southern Iowa. 
Underlying the clayey sediments at Site 6 is a massive 
unoxidized, unleached and stratified sandy loam to loam, 
possibly till-derived or a local alluvium (zone 9UL). The 
subangular gravel and moderately sorted sand fraction at a 
depth of 16.8 m to 18.3 m is evidence of a till source for 
this zone. Underlying zone 9UL is another massive, unoxidized 
leached, loamy till-like material (lOUL). At the interface of 
this zone with the shale bedrock there is a mixed zone. The 
loam texture, angular to subangular gravel and poorly sorted 
sand fraction at a depth 18.3 to 19.5 meters are several lines 
of evidence of a till source for zone 9UL. Hence, the 
depositional environments of till-like and/or till-derived 
sediments were glacial, completely different from those of the 
clayey sediments. 
The till-derived and till-like materials underlying the 
clayey sediment overlie a mixed zone of the till-like material 
and the shale. Based on the texture, morphology and 
mineralogy, the possibility of correlation of the till-like 
material to the Alburnett Formation at Site 0 was 
investigated. The till-like material of zone lOUL texturally 
and morphologically was very similar to that of the Alburnett 
till formation. The ratio of expandable clays to kaolinite in 
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this material is 1.2, which is slightly higher than the ratio 
of 1.05 for the Alburnett Formation at Site 0. 
Therefore, material lOUL very likely is related to the 
Alburnett Formation. The chance of a significant mixing of 
till-like material (zones 9UL and lOUL) with shale was 
considered to be slight. If this were the case, the ratio of 
expandable clay minerals to kaolinite should be less than 1. 
The expandable clays were mixed with the high mica and 
kaolinite contents of the shale bedrock, hence the expandable 
clays became diluted by high mica and kaolinite contents of 
the shale bedrock. This process of mixing could result to an 
expandable clays to kaolinite ratios of less than one. 
Low Terrace 
The fact that the materials of the middle terrace were 
truncated so that the materials of Sites 8 and 9 could be 
deposited indicates the sandy materials in the low terrace are 
the youngest materials in the transect. However, the 
pedisediment overlying the sandy alluvium and underlying the 
Basal Loess could have been deposited as a continuous blanket 
of sediment extending from the high to the low terrace levels. 
Therefore, the pedisediment of the Late-Sangamon paleosols on 
the low terrace (Sites 8 and 9) could have deposited almost at 
the same time as those at the high and middle terraces (Sites 
4 to 7). 
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The textural analysis of Site 6 showed there was evidence 
of an erosion surface or pediment at a depth of 4 m. This 
indicates that the overlying loamy sediment could have been 
truncated and then deposited on the low terrace level as till-
derived pedisediment. A silty sediment with silt loam to 
silty clay loam texture then covered the erosion surface at 
Site 6. The silty sediment is thin and traceable at Sites 7 
and 8 but absent at Site 9, likely due to erosion of this 
backslope position. 
The upper stratigraphy of Sites 8 and 9, however, is 
similar to that of the high terrace levels. The Wisconsin 
Loess with its Basal Loess increment covers the Late-Sangamon 
surface. However, there are significant differences in the 
materials underlying the Late-Sangamon paleosols on the low 
terrace (Sites 8 and 9) with respect to those underlying 
materials of the high and middle terraces (Sites 4 to 7). A 
moderately to highly stratified coarse alluvium with a 
thickness of 11 meters underlies the Late-Sangamon paleosols 
on the low terrace (Figure 47). These paleosols are formed in 
sandy loam to loam sediment. The sandy alluvium overlies the 
shale bedrock. The degrees of stratification and sorting as 
well as the composition and polygenic of the Late-Sangamon 
paleosols at Sites 8 and 9 were also concluded based on the 
presented data. 
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The textural contrast between the main body of the 
materials underlying the Late-Sangamon surface at Site 6, on 
the high and middle terrace levels, and Site 8 is obvious. In 
the high terrace (Sites 4 and 5), a thick, stratified 
colluvium-alluvium (about 13 m thick) underlies the Late-
Sangamon paleosol and in the middle terrace a thick clayey 
sediment (about 12 m thick) underlies the Late-Sangamon 
paleosol. This spatial arrangement of very fine and coarse 
sediments in the adjacent terraces has important impacts on 
the soil, hydrogeology, and water management of the valley. 
Because of the differences in texture and expandable clay 
minerals to kaolinite ratios, any correlation of the materials 
of zones 6 and 7 of Site 8 with the Alburnett Formation and/or 
other formations was not rational. This indicates that 
materials 6 and 7 of Site 8 probably have a non-local source. 
The fact that fluvial activities of the old valley could have 
mixed materials of different sources made the correlation 
difficult. 
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SUMMARY AKD CONCLUSION 
Subsurface stratigraphy of the Whitebreast Creek 
Watershed (WCW) in south-central Iowa in Otter and Liberty 
Townships of Lucas County along a 4.6-kin transect was 
investigated. The stratigraphic relationships of the loess-
covered terraces with the rest of the landscape are not well 
understood in WCW and similar watersheds in south-central 
Iowa. Therefore, this study was conducted with the following 
purposes: 
1. To identify the stratigraphy of the sediments in the 
upland and upland erosion surfaces adjacent to the valley; 
2. To identify the stratigraphy of the valley sediments 
and to map their distribution in the terraces or benches; 
3. To test whether the Pleistocene terraces are formed in 
coarse alluvium; 
4. To correlate the upland, upland erosion surfaces, and 
valley erosion and sedimentation episodes. 
Ten sites were selected in a 4.6-km transect with 
emphasis on the stable to relatively stable divides for 
sampling. A hydraulic probe was used to extract 5-cm diameter 
deep cores; however, for greater depths an auger with split 
tubes was used. The sites were also surveyed for elevations 
in reference to a local benchmark. The elevation, 
macromorphology, particle size characteristics, clay 
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mineralogy, and pH data were used to construct the subsurface 
stratigraphic and geoinorphic relationships of the transect. 
The Late-Wisconsin loess and modern soils were sampled 
and the depths were recorded but the samples were not 
described. Lab analyses were not performed on the Wisconsin 
loess samples except for those sampled on the stable upland 
(Site 0). These data were used as reference for the rest of 
the Wisconsin loess in the transect because the Late-Wisconsin 
loess in the region has been shown to have very similar 
composition. Moreover, the objective of this study was to 
focus on the subsurface stratigraphy, not the modern soils and 
Late-Wisconsin loess. 
The field and laboratory results showed that the 
subsurface stratigraphy is complicated in the watershed. The 
degree of complexity, however, increases from loess to till to 
Pleistocene colluvial-alluvial sediments in the loess-covered 
terraces. 
The stratigraphy of the upland on the most stable 
position showed, from the top down, that Wisconsin loess (<4% 
sand) and its basal loess increment (5%-10% sand) comprised 
the loess stratigraphy. A similar loess stratigraphy occurs 
on the stepped erosion surfaces and on the valley's loess-
covered terraces. Often, on stable paleogeomorphic surfaces 
in the transect a Basal Loess paleosol is formed in the Basal 
Loess increment. 
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The Basal Loess paleosol is time transgressive and, 
compared with the present data in the literature for the 
surrounding watersheds, its age is estimated to be within a 
range of 18,000 to 19,000 RCYBP. The involution disturbances 
and/or absence of the Basal Loess paleosol from the sites 
located on backslope positions, showed pedoturbation and/or 
erosion of this weakly developed paleosol in early Wisconsin 
environment. A tundra-like periglacial climatic regime for 
early Wisconsin time in south-central Iowa was supported by 
previous micromorphological data. Similar features in the 
Basal Loess were reported for east-central Iowa. 
The Basal Loess paleosol or the Basal Loess covers a pre-
Wisconsin paleosol in the transect. On the most stable 
position of the transect (Site 0) on the upland, the Basal 
Loess paleosol overlies a strongly developed Yarmouth-Sangamon 
solum. This paleosolum is mainly formed in the pre-Illinoian 
till. 
However, there were several lines of evidence that the 
parent material of the upper part of the Yarmouth-Sangamon 
paleosol, namely the 3EBtgb and 3Btgb horizons, may not be 
formed in the pre-Illinoian till. This evidence suggests that 
the upper part of the Yarmouth-Sangamon solum might be formed 
in a sediment with high silt content (40%-50%) and low sand 
content (10-25%). In this paper, this sediment was informally 
referred to as "silty sediment." The possible mixing of 
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Wisconsin loess with the upper part of the Yarmouth-Sangamon 
and Late-Sangamon sola, illuviation of fine clay, which 
results the higher percentages of silt content in the 
illuviated materials, incorporation of a local sandier loess, 
and preferential movement of fines from high relief to low 
relief could be some of the reasons for the relatively high 
silt and low sand content of the silty sediment. 
Alternatively, an incorporation of a non-local loess, which 
was low in sand content similar to Wisconsin loess, into the 
upper parts of these paleosols could have increased the silt 
content and diluted the sand content. However, none of these 
alternatives can be ruled out and each of them may have some 
contribution in the composition of the silty sediment. 
The continuity of the silty sediment over the Yarmouth-
Sangamon and Late-Sangamon geomorphic surfaces in the transect 
suggests an anomaly in the sedimentation of the Wisconsin 
loess over the pre-Illinoian till. More sampling upstream and 
downstream from similar surfaces is needed. 
Till stratigraphy of the upland is fairly typical of pre-
Illinoian till in southern and eastern Iowa. The pre-
Illinoian till of bottom zones 4M0L and 4M0U on the upland, 
based on particle size analysis and clay mineralogy, was 
tentatively correlated with the Alburnett Formation. This 
formation has loam to clay loam texture with almost equal 
amount of expandable clays and kaolinite content. 
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The deep incision of the valley and the truncation of 
glacial till formations, such as the Alburnett Formation, 
suggest a significant post-glacial and interglacial back-
wearing of the watershed. The eroded materials were the major 
source for the construction of the loess-covered terraces. 
Till-derived pedisediment and till-like sediments were 
differentiated in the materials of the sites lower in 
elevation than the primary divide of the upland. 
These till-like erosional sediments are found as the parent 
materials of the Late-Sangamon paleosols. Relatively uniform 
till-like sediments also are present over the Pennsylvanian 
shale bed rock. 
The stratigraphic cross sections and general 
relationships between the materials of the upland and the 
loess-covered terraces showed that Wisconsin loess, which 
blankets the whole transect, has a similar stratigraphy in 
both the upland and the terraces. However, the underlying 
paleosols and sediments in the terraces have markedly 
different genesis and materials. 
The stratigraphy of the loess-covered terraces showed 
there are, at least, three Pleistocene terrace levels, each 
consisting of complexes of colluvial, alluvial, and till-
derived erosional sediments. The sediments below the Basal 
Loess and/or Basal Loess paleosols have two composite, 
polygenic paleosols with pedologic horizons. A pedologic 
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horizon may be defined as a layer in which progressive 
pedogenic processes have produced field-observable changes in 
texture, color, structure, organic matter content, coatings, 
and concretions. 
Because the stratigraphy of the terraces was not known in 
the region, deeper samples down to the shale bedrock were 
taken from these levels. Sites 4 and 5, 6 and 7, 8, and 9 
represent the highest to the lowest Pleistocene loess-covered 
terraces of the valley. 
Geomorphically in the terraces, two surfaces present in 
the materials below the Basal Loess are the Late-Sangamon and 
Pre-Late-Sangamon. Only the high terrace level contained two 
paleosols, namely, the Late-Sangamon and the Pre-Late-Sangamon 
paleosols. The upper, younger Late-Sangamon paleosol showed 
more progressive pedogenesis than the lower, older Pre-Late-
Sangamon paleosol. The Late-Sangamon paleosols on all three 
levels are basically formed in till-derived erosional sediment 
and/or pedisediment materials. • However, a silty sediment as 
described before may comprise the upper part of the solum in 
these paleosols, unless truncated by erosion. 
The Late-Sangamon paleosol in the middle terrace has the 
most strongly developed argillic horizon compared to the 
Late-Sangamon paleosol in the higher and lower levels. This 
indicates that the soil environment may have been more 
favorable for progressive pedogenic processes and/or the 
183 
parent material(s) of the Late-Sangamon paleosol in the middle 
terrace initially had' a higher clay content. The main part of 
the Late-Sangamon paleosol at Site 6 is formed in a fine-
textured silty clay sediment. However, on the middle terrace 
stability of the Late-Sangamon surface for a significant 
period in Late-Sangamon time may be inferred. The paleo-
argillic horizons of the Late-Sangamon paleosol in the high 
and the low levels of the loess-covered terraces were weakly 
to moderately developed. 
The rock stratigraphy of the materials below the 
paleosols was the thickest (about 13 m) and the most complex 
in the high level of the loess-covered terraces. Stratified 
coarse and fine colluvial-alluvial and till-derived sediments 
occur below the paleosols at this site. This fact 
demonstrates that very intensive and numerous cycles of 
erosion and sedimentation redistributed the sediments in the 
watershed. 
The materials below the Late-Sangamon paleosol in the 
middle terrace are mainly composed of thick (about 12 m), 
clayey alluvium. A till-like sediment underlies the clayey 
alluvium. The most likely source of the fine-textured 
materials was hypothesized to be the erosional sediments from 
the Yarmouth-Sangamon and Late-Sangamon surfaces. This 
conclusion was based on the mineralogy and particle size 
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properties. However, several other alternative hypotheses 
were also presented. 
The materials between the Late-Sangamon paleosols and the 
shale bedrock on the lowest level of the loess-covered 
terraces are composed of thick (about 9 m), sandy, poorly to 
moderately stratified alluvium. The various degrees of 
stratification and sorting of the sand fractions suggested 
that different sources and/or energy flow regimes were the 
depositional environment for this terrace level. 
The subsurface stratigraphy investigations of the 
terraces revealed the contrasting depositional environments in 
the upland, upland erosion surfaces, and loess-covered 
terraces. The details of the subsurface stratigraphy helped 
to develop spatial correlation of the geomorphic surfaces as 
well as the materials comprising these physiographic units. 
185 
FART II 
PEDOGENESIS AND SELECTED PHYSICAL, MINERALOGICAL, AND CHEMICAL 
PROPERTIES OF SOME BURIED PRE-WISCONSIN PALEOSOLS, SOUTH-
CENTRAL IOWA 
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GENERAL OVERVIEW 
The pedogenesis of pre-Wisconsin paleosols in south-
central Iowa is generally unknown. Hence, some of the buried 
pre-Wisconsin paleosols in this region of Iowa were studied. 
This study was initiated (1) to evaluate the pedogenesis, 
physical, chemical, and mineralogical properties of the 
Yarmouth-Sangamon (YS) and the Late-Sangamon (LS) paleosols 
and (2) to assess the effects of weathering environments in 
pre-Wisconsin time on the chemistry and mineralogy of YS and 
LS paleosols. The macromorphology, qualitative and semi­
quantitative clay mineralogy, elemental analysis, free oxides, 
total-P, and pH were described and/or measured on extracted 5-
cm core samples. The 5-cm cores of the paleosols were 
extracted from 10 sites in a 4.6-km transect from a summit on 
the upland to the loess-covered terraces (LCTs) on lower 
landscape levels. A paleocatena landscape model was adapted to 
explain the soil-geomorphic processes. The results of clay 
mineralogy showed that the <2-|im fractions of the YS and LS 
paleosols were nearly similar. Most of the variation was in 
vermiculites, micas, and Fe-oxides. Expandable and kaolinite 
clays composed 75-85% of the <2-iJ.m fraction. Removal of Fe and 
transformation of micas and possible neoformation of 
expandable clay minerals indicated a relatively intensive 
weathering condition in the YS paleosol. Diagenesis due to 
solute influxes from the overlying Wisconsin loess confound 
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the effect of pedogenic processes. The LS sola of the erosion 
surfaces and LCTs were less weathered, as evidenced by the 
depth functions of the ratios of Aid, FSd/ and Mnd to the total 
constituents. The higher concentration of Fed, Mnd, Aid or' 
the footslope of the upland with respect to those of the 
upland and LCTs elements indicated movement of sesquioxides to 
the lower elevation, which was related to the effects of 
pedogenic and geologic processes such as solute and sediment 
transport. The macromorphology and Mnd/Fed indicated a high 
water table level in the YS solum. The paleo-geomorphic system 
was shown to be influenced by both a high water table and 
significant influxes from the overlying Wisconsin loess. 
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INTRODUCTIOM 
Pre-Wisconsin paleosols such as Yarmouth-Sangamon 
paleosols and Late-Sangamon paleosols in Iowa and the U.S. 
Midwest have been used as important stratigraphic units. 
Often, they are used as interpretive tools for pedogenesis, 
weathering environments, correlation purposes, and for 
identification of lithological discontinuities. Moreover, in 
recent years the contamination of soil and water resources 
with nitrates, herbicides, and heavy metals has proven the 
need for more detailed investigations of substratum materials, 
including pre-Wisconsin paleosols, for reliable 
hydrogeological models. 
Depending on the extent of weathering, paleosols often 
have different chemical, physical, morphological, and 
hydrological characteristics than the subjacent and 
superjacent materials. Thus, a relatively detailed chemical 
and mineralogical study can be helpful both in pedology and 
environmental studies of the region. 
Paleosols often contain more fine clay than the subjacent 
and superjacent materials. Therefore, they have higher 
surface area and sorption potential for anionic and cationic 
and/or neutral compounds, and hence can act as a filter for 
sorption of these compounds. Free Mn and Fe oxide contents of 
these paleosols depend on their stratigraphic position. It is 
reported (Ruhe, 1969) that Basal Loess paleosols and upper 
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parts of yannouth-Sangamon paleosols generally showed an 
accumulation of these free oxides. Free Mn oxides with their 
tunnel structures can be a host for heavy metals sorption. 
Free Fe oxides possess positive charges in a pH range of 5 to 
6 in soils and they can act as adsorbent surfaces for anionic 
herbicides, for example. The shearing forces in these soils 
are often high, as proven by the presence of shear surfaces in 
thin section studies (Woida and Thompson, 1993). This could 
also be a concern for construction purposes when the paleosola 
are close to the surface on sloping landscape. 
Therefore, the study of chemical and mineralogical 
properties of the pre-Wisconsin paleosols in the Whitebreast 
Creek Watershed can contribute to a better understanding of 
these issues. In addition, they may serve as diagnostic tools 
in deciphering the weathering environments of the Pleistocene. 
The objectives of this part are; 
1. to study the chemical and clay mineral properties of 
buried pre-Wisconsin paleosols with emphasis on 
Yarmouth-Sangamon and Late-Sangamon paleosols. 
2. to study the pedogenic effects of pre-Wisconsin time 
on the chemistry and clay mineralogy of Yarmouth-
Sangamon and Late-Sangamon surfaces and materials. 
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LITERATURE REVIEW 
In this overview, first a short history of the 
Pleistocene and paleosols in southern Iowa is given. Second 
the effects of water table, organic matter, parent materials, 
possible chemical alterations, and pedogenic and clay minerals 
are discussed. Finally more detail about the types, amounts, 
alteration, and some proposed genetic pathways about the 
dominant phyllosilicate clays will be reviewed. 
Pleistocene Stratigraphy of Southwestern Iowa 
Pleistocene stratigraphy with emphasis on southern Iowa 
is reviewed in Part One of this paper and shown in Table 1. 
In Iowa prior to Wisconsin glaciation and loess deposition, 
several glaciation events with interglacial periods occurred. 
The interglacial periods are proven by presence of the Pre-
Wisconsin paleosols such as Yarmouth-Sangamon paleosols and 
Late-Sangamon paleosols (Ruhe, 1967 & 1969; Hudak, 1987; 
Hallberg, 1980). Some recent studies of these paleosols in 
Iowa were done by Thompson (1986), Woida (1991), and Schilling 
and Stewart (1993). 
A discussion of identification, types, and classification 
of paleosols is also given in Part One. Often, in buried 
paleosols properties such as mineralogy (moderately stable) 
and texture (stable) have been preserved. However, properties 
as morphology (color), redoximorphic features such as mottling 
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and Fe-Mn oxides, and structure can be changed in a relatively 
short time. 
The buried Yarmouth-Sangamon and Late-Sangamon paleosols 
are of concern here not only due to their presence on both the 
upland and the loess-covered terraces in this region but also 
because they are very helpful in understanding the Pleistocene 
weathering environments of south-central Iowa. Buried 
paleosols are covered at the present time. They have 
experienced different environments after burial and then 
diagenesis is likely to have occurred in these paleosols. 
They are affected by deep percolation of the dissolved organo-
metallic complexes and influenced by metals such as alkaline 
earth which were produced by mineral weathering and weathering 
of surface organic matter. 
The advanced natural drainage system of southern Iowa 
dissected the landscape (probably in Illinoian time) and 
exposed Yarmouth-Sangamon soils on the present landscape. 
Exhumed paleosols are exposed by erosion. Relict paleosols 
have never been buried. Exhumed paleosols are present in 
southern Iowa. They are extensive, mappable, and composite in 
nature. Exhumed paleosols are not very useful in weathering 
studies of the Pre-Wisconsin. Relict and exhumed paleosols 
have experienced direct effects of surface vegetation on 
chemical and mineral transformations in Illinoian and Holocene 
time. 
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The Pleistocene events in Iowa are complex and a 
background of climatic and geologic events is necessary for 
understanding the genesis and weathering status of paleosols 
in Iowa. Pre-Wisconsin paleosols in Iowa include all the 
paleosols formed during the interglacial stages prior to 
Wisconsin glaciation and loess deposition in Iowa. Most of 
these paleosols are thought to be older than 30,000 
radiocarbon years before present (RCYBP). Basal Loess 
(Farmdale) paleosols are 16,500 to 30,000 RCYBP (Ruhe, 1967). 
These paleosols are developed in the basal loess with an A and 
C horizon sequence. In Whitebreast Creek Watershed, basal 
loess is estimated to be about 18,500 RCYBP, based on recent 
radiocarbon data in 1994 on samples taken from a location at 
about 10 km down stream and south of the Whitebreast Creek in 
this project (personal communication with Dr. T.E.Fenton). 
Slow rates of the loess deposition in early Wisconsin time 
allowed accumulation, incorporation of organic matter, and 
development of an incipient A/C and/or A/Bw/C solum in the 
loess materials (Woida, 1991; Worcester, 1973). This less 
developed paleosol is informally called the Basal Loess 
paleosol (Hallberg, 1980; see Table 1 in Part I). 
The Basal Loess paleosols are over a series of older 
paleosols developed mainly in pre-Illinoian tills. From the 
youngest to the oldest, they are Late-Sangamon, Sangamon, 
Yarmouth-Sangamon, and Aftonian paleosols (Ruhe, 1967 and 
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1969). However, Late-Sangamon and Sangamon soils are also 
formed in fluvial-glacial, fluvial, and till-derived 
pedisediment complexes. Their nomenclature is based on the 
relative ages and degrees of soil development. For example, 
Late-Sangamon paleosols are often developed on erosion 
surfaces on backslopes and/or in colluvial-alluvial materials 
of footslopes (Hallberg, 1980; Ruhe et al., 1967). Hence due 
to their relative youth and instability, evidence of soil 
development such as advanced leaching, mineral weathering, and 
horizonation are not as great as those of Yarmouth-Sangamon 
paleosols. 
On the contrary, Yarmouth-Sangamon paleosols normally 
have very thick sola with high fine clay content (>50% of 
total clay) and intensively leached sola (unless resaturated 
with alkaline earth metals by percolating water). Evidence of 
horizonation in some Yarmouth-Sangamon paleosols have been 
obliterated, presumably by pedoturbation. 
Because the ages of Yarmouth-Sangamon and Late-Sangamon 
paleosols are older than the Basal Loess paleosols by about 
several hundred thousand years, a great deal of horizonation 
could have occurred. However, regressive pedogenetic 
processes, such as physical reworking by shearing forces and 
cryo-bioturbation, have also occurred to some of them as 
proven by macro and micromorphology studies of Woida (1991). 
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Hence, the pedogenic differentiation may not be as great as 
one may expect. 
Hydrogeological Effects 
Water table investigations have shown the restricted 
internal drainage due to underlying, less permeable horizons 
can affect soil development. Coleman and Fenton (1982) proved 
that there is a good correlation between the depth to water 
table and redoximorphic features of the modern soils and the 
depth to the buried Yarmouth-Sangamon paleosols in south-
central Iowa. These paleosols formed in the interglacial 
periods when the climate was warmer and the landscape was 
stable (Ruhe, 1967). 
The internal drainage and downward percolation are 
impeded by the presence of the buried Yarmouth-Sangamon 
paleosols underlying modern soils in the region. These modern 
soils are formed in Wisconsin loess. The loess deposit is 
generally more permeable than the underlying paleosols. This 
difference in permeability causes perched water tables to 
build up at hydrological discontinuities. As a result, 
redoximorphic features such as Fe-Mn oxides and mottling are 
concentrated above these discontinuities. 
Long-term fluctuation of permanent as well as perched 
water tables can induce many physical, chemical, and 
biochemical changes. Changes in movement of colloids (organic 
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complexes and fine clays), cohesive and adhesive internal 
forces (shear stress), redox potential (oxidation and 
reduction of Fe, Mn, and organics), pH (addition and loss of 
carbonates by movement of ground water through the solum), 
osmotic and pressure potential (wetting and drying) all could 
be the consequences of water table behavior in soil systems. 
Lithological discontinuities, the inherent heterogeneity 
of tills, and addition of loess deposits have further 
complicated all these interactions. Therefore, the 
interpretation of the results of clay mineralogy, chemistry, 
and weathering environments of paleosols can be a challenge. 
Organic Matter of Pre-Wisconsin Paleosols 
Organic matter contents of most buried Pre-Wisconsin 
paleosols in Iowa are low. This is due to a combinations of 
prolonged aerobic and anaerobic oxidation of the original 
organic matter without significant additions after burial. 
Consequently, organic matter content is very low in most of 
these paleosols. The organic carbon content hardly reaches 
0.3% or 3g/kg on an oven-dry weight basis of whole soil 
(Woida, 1991 and also see Appendix D), but this amount is also 
mostly associated with clay fractions especially with fine 
clay. However, even small amount of organic matter can 
confound the interpretation of the peaks in XRD analysis. 
196 
because it causes poor preferred orientation and broadening 
effect on the XRD peaks. 
During periods of landscape stability vegetation could be 
dense and if this is true then soil organic matter could 
accumulate. Therefore, organic matter could have acted as a 
site for initiating of crystallization and complexation of Al, 
Fe, Mn and other metals and influence the formation and 
alteration of clays. Ruhe et al. (1967) stated that the 
buried paleosols in Iowa resembled Alfisols, Ultisols, and 
Mollisols. Therefore, organic matter was available in the 
upper sola of these soils. A high organic matter content 
could have been present in the early parts of Wisconsin time 
after burial, depending on the oxidation state of soil 
environments. 
Parent Material Relationships with Clay Minerals 
In general, the mixed mineralogy of buried pre-Wisconsin 
paleosols is due to parent material variability. The reason 
for this is that as the glaciers moved through Canada into the 
U.S. Midwest by their action they ground and mixed all kinds 
of rocks containing complex admixtures of primary and 
secondary minerals. Subsequently, tills as well as till-
derived, glaciofluvial, and eolian-derived sediments have a 
mixed sand, silt, and clay mineralogy. 
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However, soil forming processes tend to homogenize and 
associate the particle size with mineralogy and lessens the 
differences. For example in the well developed paleosols, 
weatherable minerals such as micas are mainly concentrated in 
silt and coarse clay fractions, whereas resistant minerals 
such as quartz are concentrated in sand fractions. The fine 
clay fraction is made up mainly of expandable clays such as 
smectites. 
Ruhe et al.(1967) studied the stratigraphy in 
southwestern Iowa by use of fifty-eight major railroad cuts. 
Their studies on the selected sand, silt, and clay samples by 
optical. X-ray, and thermal analyses disclosed that tills, 
loess, till-derived, glaciofuvial sediments, and their 
associated paleosols contained a similar clay mineralogy but 
with different proportions of expandable and non-expandable 
clays. Clay minerals were mainly montmorillonite with lesser 
amounts of illite and kaolinite. The kaolinite content was 
slightly higher in the loess than till. 
Furthermore, their observations showed light minerals in 
the sand fractions consisted mainly of quartz, chert, and 
assorted feldspars. The latter was fairly high, ranging from 
15 to 30% but decreasing with particle size to a few 
percentage in the fine silt fraction. Muscovite and biotite 
were present but variable. Traces of volcanic glass or ash 
were also present in most of the loess and the paleosols (they 
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called them Aftonian and Yarmouth clays). This is a 
particularly interesting point to follow up. 
The volcanic glass might be inherited from parent 
materials. However, Woida (1991) stated another possibility 
for its source. She stated that the westerly winds transported 
eolian dust (volcanic ash ?) from the Western Rocky Mountains 
into Iowa and the dust was added to the paleosols. 
The above process may have special importance in the 
genesis of clays in the paleosols. The glassy materials 
contain high amounts of Si which is necessary for smectite 
formation (Borchardt, 1989). Silica can be substituted for A1 
in the tetrahedral sheets of 2:1 clays, reducing their layer 
charge. Si can also be crystallized as pedogenic opal (Woida, 
1991). Thermodynamic equilibrium among clay minerals changes 
as concentration of Si changes and therefore the stability of 
these minerals changes. 
The stability relationships among smectites, kaolinite, 
gibbsite, muscovite, and micas have been shown to be dependent 
on activities of Al, H, and Si in the soil solution (Lindsay, 
1979). For example, at low concentrations of Si, kaolinite and 
gibbsite become stable whereas at high Si concentration Mg-
montmorillonite is stable at constant pH and Al concentration. 
Therefore, addition of eolian dust not only could modify 
the ionic environment by subsequent weathering of easily 
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weatherable components such as carbonates and volcanic ash but 
also it could cause ah upward building and soil welding. 
Ruhe and his colleagues (1967) reported an important 
point about the superjacent deoxidized and leached Wisconsin 
loess. They pointed out that the release of large amounts of 
Fe and Mn oxides from the loess zone, as evidenced by 
pipestems and concentrations indicates appreciable weathering 
and leaching occurred in the loess. The following examples 
will explain some effects of these ions and salt influx on the 
clay minerals of Pre-Wisconsin paleosols. 
Some Chemical Alterations of Important Clay Minerals 
Influxes of alkaline earth, Fe, and Mn metals into the 
underlying buried paleosols could potentially induce 
significant clay diagenesis and transformation. For example, 
Charkhabi (1990) in the study of a toposequence (Clarion-
Nicollet-Webster soil association) on the present landscape in 
the Wisconsin drift plain of central Iowa showed that well 
drained soils (Typic Hapludolls, pH=5.6-7) contained less 
smectite than the adjacent poorly drained and moderately 
alkaline soils (Typic Haplaquolls, pH=7.6-7.9 ) on toeslope 
position. The higher amount of smectites was partially 
attributed to the higher alkalinity, which was due to influx 
of alkaline earth metals (Mg^"^ and Ca^"^) into the lower part of 
the landscape and selectivity of smectites for bivalent 
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2+  •  
cations such as Ca . The selective movement of fxne soil 
particles from the high positions to the lows should not be 
underestimated as an important mechanism, too. 
With a relatively high activity of Ca^^ in soil 
solutions, neutral to alkaline pH, and poor drainage 
conditions in temperate climate, smectites are stable minerals 
(Birkeland, 1984) . In the poorly drained soil of Webster 
silty clay loam Smectites were predominant clay minerals 
(Charkhabi, 1990). The well drained member, Clarion loam, 
also had smectites as the dominant clay minerals with a lesser 
amount of micas and kaolinite. Some evidence of smectite 
alteration also was seen in the well-drained soil. Allen and 
Hajek (1989) reported similar results for clay minerals of the 
soils with restricted and non-restricted drainage regimes. 
Changes of smectite chemistry as a function of redox 
potential are further shown under laboratory condition. Under 
laboratory condition, when redox potential (i.e. pH+pe) is 
less than 11.9 units the activity of Fe^"*^ ion is higher than 
that of Fe^"*" ion (Lindsay, 1979). Chen et al. (1987) 
2+ . • demonstrated that when the activity of Fe ion is greater 
3+ 3+ than Fe ion in a smectite suspension, Fe ion of the 
octahedral positions of some reference clays and soil 
smectites can be reduced. This reduction elevated the 
octahedral layer charge of the soil smectite, resulting in 
collapse of the expandable smectite. The collapse was also 
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correlated with K-fixation. Therefore, the low-charged 
smectites were altered to the high-charged species under 
reduced condition as the smectite charge increased. 
Vermiculite and biotite (trioctahedral mica), on the 
contrary, under reduced condition react opposite to that of 
soil smectite. Oxidation of octahedral-Fe in these clays 
elevated K-fixation as Chen et al. quoted from Barshad and 
Kishk (1968). This was attributed to different mechanism for 
the internal rearrangements of (OH~)ions in these clays. 
Moreover, some transformation and alteration of micas to 
hydroxy-interlayered smectite (HIS) and hydroxy-interlayered 
vermiculite (HIV) are also likely to occur in buried pre-
Wisconsin paleosols (Thompson, 1986; Woida, 1991; Effland, 
1990). However, all these alterations can occur but the rate 
is not known. The mechanisms can be complicated by influxes 
of dissolved organic matter (DOC) and microbial activity, for 
example. Deep percolation and lateral flow could have 
leached, at least, a fraction of the dissolved organics into 
the subjacent paleosols which can either enhance or prevent 
mineral transformation, depending on ionic and redox 
conditions. 
Polygenetic Kature of Pre-ffisconsin Paleosols 
The buried Pre-Wisconsin paleosols on stable primary divides 
are thick, dark gray-colored, and high in fine clay content 
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(>50% of total clay). They often contain common to many hard 
yellowish red and dark reddish brown Fe-Mn oxides. The buried 
Yarmouth-Sangamon paleosols are weathered and may have sola a 
few meters in thickness. The buried Late-Sangamon paleosols 
are often less weathered, more oxidized and have gray brown to 
yellowish brown color. 
Because of the polygenetic nature of these paleosols and 
also the presence of possible parent material discontinuities, 
it is not clear how much of the clay is pedogenic or geologic. 
However, it would be possible to estimate the gain-loss of 
clay size materials in a soil profile as suggested by Brewer 
(1976) if a uniform parent material, an appropriate stable 
constituent, and bulk density data are available. The 
representative bulk density and true-unaltered uniform parent 
materials might not be practically available for these 
paleosols due to the post-pedogenic and depositional changes. 
For example, post-pedogenic changes and polygenetic 
nature of the paleosols was proposed by Ruhe et al.(1967) in 
their field observations. They mentioned that most of Fe-Mn 
sesquioxides in the buried Yarmouth-Sangamon paleosols are 
concentrated above the slowly permeable Bt-horizons and this 
suggests that the accumulation is not related to morphological 
development of the paleosols but it is more likely induced by 
vertical as well as lateral influxes of the weathering 
products subsequent to development of their solum. The 
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possible effects of these influxes on the nature and contents 
of the clays were explained briefly before. 
Clay Minerals of Fre-wisconsin Paleosols 
Clay minerals are inorganic, crystalline materials of 
less than 2 microns effective diameter. These minerals can 
originate in several ways. Inheritance from parent materials, 
addition by eolian dusts, alteration and transformation, and 
finally neoformation from soil solution are the alternative 
ways. 
Mineral suites of the buried Pre-Wisconsin paleosols are 
mixed. Smectites, micas, kaolinite, vermiculites, HIV, HIS, 
and interstratified species such as mica-smectite and mica-
vermiculite in addition to traces of chlorite form the 
phyllosilicate portion. The clay fraction also contained 
minor amounts of clay-size quartz and sesquioxides mainly as 
Fe-Mn oxides and oxyhydroxides. 
Most of the literature about the identification of clay 
minerals is based on standard treatment and XRD patterns. The 
semi-quantitative analyses of clays are also based on peak 
intensities using XRD method (Hallberg, 1978). However, some 
workers such as Woida (1991) also attempted using a 
combination of chemical analysis and peak area for 
quantification. 
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S\unmary 
Chemistry and mineralogy of some pre-Wisconsin paleosols 
in Iowa, which are formed in a variety of parent materials, 
were reviewed. Loess, till, till-derived, welded loess and 
till, and a complex of local deposits are the possible parent 
materials of these soils. Clay minerals of these paleosols 
have a mixed mineralogy originating from the mixed mineralogy 
of their parent materials. Smectites were often dominant with 
lesser amounts of kaolinite and mica. Clay-sized quartz and 
sesquioxides were also often present. 
Alteration, transformation, and diagenesis of micas to 
smectites and vermiculites and/or mica-smectite (or 
vermiculite) and interstratified mica-smectite are reported in 
the literature. In general, it is reported that most of the 
clay minerals are inherited from parent materials and are not 
altered. However, there are some subtle differences that in 
combination with other techniques such as textural properties 
and morphology may help to explain the genesis of clay 
minerals. Pedoturbation in these paleosols has confounded clay 
mineralogy and chemical properties. The similarities in the 
clay fractions are attributed to common source of parent 
materials and variations are attributed to differential 
weathering either before or after deposition of parent 
materials. Many quantitative measures are needed to 
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differentiate the subtle differences in pedogenic environments 
of pre-Wisconsin palebsols. 
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MATERIALS AND METHODS 
Site Selection 
A 4.6-kin transect was selected in Whitebreast Creek 
Watershed for this study. This transect was located between 
41° 02' 30' and 41° 05 00 northern latitudes and between 93° 
25 00 and 93° 27 30 western longitudes. The watershed is 
part of a 7.5-niinute series topographic map of the Lucas 
Quadrangle in southern Iowa. The approximate location of the 
Quadrangle is also shown on the location map in Figure 7 in 
the General Introduction of Part I. 
Ten sites in the transect from the upland to loess-
covered terraces were selected for sampling. The selection 
was based on suitability as well as accessibility by probe 
truck. The sampling was focused on the stable divides to 
avoid the complication in interpretation of data due to the 
effect of local erosion and sedimentation. 
Field Investigations 
At each site, a 5-cm core was extracted from the upper 
part of the site using a hydraulic probe. However, for the 
deeper sediments an auger with a split tube was used to 
extract the samples. The color characteristics, structure, 
texture, and other attributes such as mottling, oxides, and 
consistency of the materials were also described in the field 
following the guidelines of the Soil Survey Staff (1951, 1981) 
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and Standard Procedures for Evaluation of Quaternary Materials 
in Iowa (Hallberg, 1978). The extracted samples were 
subdivided based on morphology and particle size. 
The loess thickness was measured but the morphology of 
extracted samples from the land-surface soils was not 
described. However, the descriptions included the Basal Loess 
increments of Wisconsin loess, the underlying paleosols, and 
sediments. The samples were subdivided based on morphology 
and texture and put in plastic sampling bags for subsequent 
laboratory analyses. The rest of the samples was wrapped in 
wax paper and preserved in a cold room for later reference. 
The transect was surveyed with transit by the SCS survey 
crew. The elevations were recorded based on a local 
benclimark. These elevations and the above morphological 
properties in combination with laboratory data of the particle 
size and chemical properties were used to interpret the 
paleosols and geomorphic surfaces. 
Laboratory Determinations 
The samples were air dried and ground to pass a 2-mm 
sieve. The following analyses were performed. 
Particle size analysis was done following Standards 
Procedures for Evaluation of Quaternary Materials in Iowa 
(Walter et al., 1978). The USDA size classification system 
was used in the procedure. The fine clay fraction (<0.2 jim) 
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was determined by the centrifuge method using an International 
No. 11 centrifuge. The procedure of the Soil Survey Staff 
(1992) was followed. 
Reaction (pH) of the soil and sediments was measured by a 
combination electrode pH meter (Fisher model 420) in a 1:1 
soil and water ratio after 30 min of eqpiilibrium (Soil Survey 
Laboratory Methods Manual, 1992). 
Digestion of total phosphorus was done by sequential 
addition of concentrated H2SO4, H2O2, and HF to the samples as 
suggested by Bowman (1987). The procedure was followed by 15 
minutes of heating at about 423K degrees to eliminate excess 
H2O2. Total P of the extract was determined by a colorimetric 
method of phosphorus analysis (Olson and Sommers, 1982) by 
using a model Spec 20 with an absorbency wavelength of 840 nm 
with 1-cm cuvette. 
Qualitative as well as semi-quantitative clay mineralogy 
was determined on selected <2-|im samples. Before the 
analysis, however, the <2-mm samples were extracted by the 
citrate-sodiiam bicarbonate-dithionite (CBD) extraction 
technique to remove free sesquioxides that otherwise act as 
cementing agents and reduce the dispersion of clays (Mehra and 
Jackson, 1960) . The CBD-treated clay, <2-|im fraction, was 
separated by centrifuge. 
The clay samples were dialyzed for removal of excess 
salts and then freeze-dried. The salt-free, freeze-dried clay 
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samples were used to make a suspension with proper 
concentration to prepare oriented samples. Oriented samples 
of the Mg-saturated and K-saturated CBD-treated clay samples 
were prepared on ceramic tiles. A density of 15 mg/cm on 
each of the tiles was used for a uniform thickness and 
distribution of the clay samples for XRD analyses. The 
samples were X-rayed with a computerized Siemens D5000 X-ray 
instrument with a 2-theta compensating slit and using a CuKa 
tube. The samples were scanned from 2 to 32° 20 with a 
scanning rate of 2 degree/min on continuous mode. However, 
some of the samples were run from 2 to 15° 20. 
Standard heat and organic treatments were followed for 
identification of clays. The Mg-saturated samples were X-
rayed at 54% relative humidity and room temperature (about 22-
23 °C), then misted with 20% glycerol and subsequently X-rayed 
after 24 hours with the same settings as before. The details 
of sample preparation, pretreatment, and guidelines for 
identification of Whittig and Allardice (1986) were used (see 
Appendix G). 
Semi-quantitative analysis was performed by a combination 
of X-ray diffraction, chemical analysis, and thermogravimetric 
techniques. The mica content was estimated from the K2O 
content of the Mg-saturated clay (<2 nm). The CBD-treated, 
freeze-dried clay samples (<2 nm) were analyzed for total K by 
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suspension nebulization of the samples using inductively 
coupled plasma-atomic emission spectroscopy technique (ICP-
AES) following the method of Laird et al. (1991). 
Quantitatively, mica content is converted from chemical data. 
This was done by multiplying K20% (weight %) of clay samples 
by a factor of 10, after accounting for feldspars. Feldspars 
were not present in the <2-nm fractions that were analyzed and 
accordingly no attempt was made to correct for feldspar. 
Amounts of kaolinite and expandable clays (smectite and 
vermiculite) were estimated by thermal gravimetry (TG) 
following the method proposed by Karathanasis and Hajek (1982) 
and Karathanasis and Harris (1994) . The Mg-saturated clay 
samples were equilibrated, at least overnight, at 54% relative 
humidity and then the analysis was done in ambient air with a 
computerized thermal analyzer model TG/DTA/5200 (Seiko 
Instruments Inc.) The scanning rate of 30 °C/min over a range 
of 25 to 1100 °C was used. 
Clay-size free Fe oxides were determined on the <2-mm 
samples. The samples were extracted using a CBD extraction 
method (Mehra and Jackson, 1960). The amount of Fe was 
detexnmined in the extract by ICP-AES, and then normalized 
based on the clay content of each <2-mm sample. The quartz 
content was also estimated from the quartz XRD peak height 
(4.26 A°) of Mg-saturated samples. The kaolinite XRD peak 
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height. (3.56 A°) was used as an internal standard 
(Karathanasis and Hajek, 1981). All the clay components were 
reported as a percentage of the total clay. 
The semi-quantitative determination data of some the 
samples do not total to 100% recovery, however. The main 
reason for this is the semi-quantitative procedure used in the 
analysis. That is, the combination method was based on 
estimating percentages of the different components from 
independent analytical techniques such as XRD, chemical, and 
thermal analyses, hence the analytical errors may add up. 
However, the interpretations of the results based on the data 
should be reliable because of the high percentage of mean 
recovery with a small variation. 
Free iron oxides were determined on CBD-extracts 
extracted from the <2-mm samples. The data were normalized 
based on the total clay content of each sample. The quartz 
content was also estimated from quartz peak height of Mg-
saturated samples. The 2^'^ order kaolinite peak height was 
used as an internal standard (Karathanasis and Hajek, 1982). 
Smectites, vermiculite, kaolinite, mica, quartz, and Fe-oxide 
content of the clay fractions (<2 urn) were estimated and 
reported based on total clay content. The mean percentage 
recovery of the <2-|am samples was 98.5%, with a standard 
deviation of 4.0% for a total of 40 samples analyzed. These 
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values show that the determinations are likely accurate enough 
for the purpose of this study. 
Total elemental analysis of Al, Ba, Ca, Fe, K, Li, Mg, 
Mn, Na, P, Si, Ti, and Zn of the <lOO-mesh samples of whole 
samples was done, following digestion with aqua regia and 
concentrated HF in teflon bomb vessels (Bernas, 1968). The 
digested samples were analyzed for the above elements by ICP-
AES with Cd as an internal standard. A multi-element external 
standard in the sample background was used in this procedure. 
Free Fe, Mn, Si, and Al oxides were determined on the 
air-dried, <2-mm samples. The sample weights were corrected 
for air-dry moisture content. The free oxides were extracted 
using the CBD-extraction method of Mehra and Jackson (1960). 
The extracts were analyzed for the above elements using the 
ICP-AES (inductively coupled plasma-atomic emission 
spectroscopy) analytical method. 
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RESULTS INTERPRETATIONS 
The pre-Wisconsih paleosols in the Whitebreast Creek 
Watershed have been formed in various materials with different 
internal drainage and climatic conditions which were evidenced 
by the macromorphological properties as discussed in Part I. 
The macromorphological and physical properties are presented 
in Appendix A and B. Clay mineralogy and chemical properties 
will be presented and discussed in this part. The Fe, Mn, Al, 
and Si free oxide data are reported in Appendix E. The 
elemental analysis data and the calculated weathering indices 
are reported in Appendix F. The qualitative and semi­
quantitative clay mineralogy as well as the free pedogenic 
oxides and elemental analysis data of the paleosols will be 
presented in accordance with the physiographic occurrence and 
paleo-landscape positions. Sites 0, 1, 2, and 3 represent the 
upland and upland erosion surfaces. Sites 4 and 5 represent 
the high terrace, Sites 6 and 7 represent the middle terrace, 
and Sites 8 and 9 represent the low loess-covered terrace. In 
the following sections, clay mineralogy and chemical 
compositions of the paleosols at these sites will be 
presented. 
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Clay Mineralogy 
Qualitative Analysis 
Selected clay samples (<2 jim) from the Basal Loess, the 
Yarmouth-Sangamon, and the Late-Sangamon soils including BCb 
horizons and some deeper samples were analyzed. The 
objectives were to identify and quantify the major clay 
minerals and secondly to evaluate the weathering effects on 
clay mineralogy in the paleosols. Except for the XRD patterns 
of Yarmouth-Sangamon paleosol on the upland and summarized 
patterns of the Mg-saturated, glycerol-solvated samples of the 
Basal Loess paleosol, Yarmouth-Sangamon paleosol, and the 
Late-Sangamon paleosol, the rest of patterns are included in 
Appendix H. 
The XRD patterns of standard treatments of paleosols at 
Site 0 and the summarized patterns of the paleosols of the 
other sites are in Figures 1 through 9. Figure 1 shows the 
Mg-saturated, glycerol-solvated samples which were analyzed 
with CuKa radiation at room temperature (about 22°C) and 
humidity. Figure 2 shows the patterns of the same samples X-
rayed at about 22°C and equilibrated at 54% relative humidity 
(RH) before solvation. Figures 3, 4, and 5 demonstrate the 
patterns of the K-saturated samples at room temperature and 
54% RH, heated at 350°C, and 550°C treatments, respectively. 
Figures 6 through 9 will emphasis the comparisons from site to 
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site of the paleocatena. The standard treatments of the 
samples resulted in the following findings. 
Micas 
The XRD patterns of the Mg-saturated, glycerol-solvated 
clay samples of the 2Ab, 3EBb, 3Btgb, 4BCgb horizons and 4M0L 
zone of the Basal Loess and the Yarmouth-Sangamon paleosol at 
the stable upland site are shown in Figure 1. Discrete micas 
have a 1^^-order peak with a d-spacing of 1.0-nm at 8.8°20 
which does not change with heat and/or organic treatments. 
The 2Ab horizon of the Basal Loess paleosol has a low 
intensity and diffuse 1.0-nm peak, indicating the presence of 
some discrete micas. However, the 3EBb and 3Btgb horizons do 
not have any sizable 1.0-nm peaks, indicating the absence of 
discrete micas. The mica peak, however, is present in the 
4BCgb horizon, which is nearly similar to 1.0-nm peak of the 
2Ab horizon. 
The mica peak of the 4M0L zone has a small breadth and 
high intensity; it is sharp which indicates a relatively high 
amount of discrete mica in this zone compared to that of the 
4BCtgb and the upper horizons of the Yarmouth-Sangamon solum. 
Peak breadth is defined as a peak width at half its intensity. 
This XRD peak attribute depends on crystallite size and degree 
of crystallinity and some other factors (see Moore and 
Reynolds, 1989). Therefore, the absence of micas in the upper 
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Figure 1. The XRD patterns of Mg-saturated and glycerol-
solvated <2-jun samples of the Basal Loess paleosol 
and the Yarmouth-Sangcunon paleosol at Site 0 on the 
upland. 
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parts of the yarmouth-Sangamon solum suggests that the 
weathering environments at the Yarmouth-Sangamon solum was 
intensive enough to weather and/or transform discrete mica 
clays. To some extent, presence or absence of" discrete micas 
can reveal the intensity of weathering of the paleosols. 
Kaolinite and chlorite 
All the patterns of Figure 2 have sharp peaks with small 
breadth with d-spacing of 0.715 nm at 12.5°20, indicating the 
presence of discrete kaolinite and/or chlorites. Chlorite has 
a l®^-order peaks at 1.42 nm and a 2'^'^-order peak at the same 
position as that of the l®^-order kaolinite (0.715 nm). 
Therefore, often there is some doubt about the presence of 
minor chlorite in the samples. There are several ways to 
differentiate these two mineral groups but none of them is 
definitive (Moore and Reynolds, 1989). 
However in most soil environments, chlorite is not a 
stable mineral (Barnhisel and Bertsch, 1989) and will be 
weathered easily. The brucite layer of chlorites dissolves 
and hence they are transformed to some low-charge 2:1 
minerals. Here, with treatments of 3 50 and 550°C there was no 
1.42-nm peak as evidence of the presence of chlorite in the 
samples (Figures 3 and 4). Chlorites with these heat 
treatments do not collapse to a l.O-nm peak, but expandable 
clays do and hence they can be discriminated from each other. 
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Figure 2. The XRD patterns of Mg-saturated at 25°C and 54% RH 
< 2jim samples of the Basal Loess paleosol and the 
Yarmouth-Sangamon paleosol at Site 0 on the upland. 
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Figure 3. The XRD patterns of K-saturated at 25°C and 54% RH 
<2-|iin samples of the Basal Loess paleosol and the 
Yarmouth-Sangcunon paleosol at Site 0 on the upland. 
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Figure 4. The XRD patterns of K-aaturated and heated at BSO^C 
<2-Jim samples of the fiasal Loess paleosol and the 
Yarmouth-Sangamon paleosol at Site 0 on the 
upland. 
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For these reasons, it was determined that chlorite was 
not present in the Yarmouth-Sangamon paleosol (and the Late-
Sangamon paleosol sola will be presented later). The sharp 
and the intense peaks with 0.715-nm d-spacing at 12.5°20 are 
reported as kaolinite, as evidenced by.the disappearance of 
0.715-nm peaks after heating at 550°C for 2 hours. 
Dehydroxylation of kaolinite results in the disruption of the 
mineral into oxides that are amorphous to XRD (Barnhisel and 
Bertsch, 1989). 
Smectites and vermiculites 
The Mg-saturated samples at room temperature and 54% RH 
samples (Figure 2) showed broadened 14- to 15-nm peaks, 
indicating the presence of smectites, vermiculites, and/or 
interlayered clays. The expansion of smectites with glycerol 
to 1.77-nm peaks at 5.0*^20 allows even small 1.44-nm 
vermiculite peaks to be discriminated. Figure 1 shows the 
patterns after solvation. The full expansion of the clays 
into 1.77-nm peaks with relatively high intensities indicates 
the presence of high amount of smectites. High-charge 
vermiculites do not expand to produce a 1.8-nm peak. After 
solvation with glycerol, only the samples of zone 4M0L (pre-
Illinoian till) and the 2Ab horizon of the Basal Loess showed 
some relatively broadened peaks with 1.4 to 1.5-nm d-spacing. 
Hence, only these samples have discrete veirmiculites. 
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As Figure 5 shows, the slightly broadened shoulders of 
1.0-1.4 nm of the 3EBb and 3Btgb horizons of the Yarmouth-
Sangamon solum may show some evidence of low-charged smectites 
and vermiculites. As Woida (1991) stated, these peaks may 
show weakly defined hydroxy-Al interlayered species. Well 
crystallized, K-saturated smectites and vermiculites should 
collapse to 1.0 nm, but well-defined hydroxy interlayered 
species do not. The samples that were heated at 350°C should 
have peaks at 1.4-1.5 nm and/or at least the shoulder should 
not disappear if there are any hydroxy-interlayered species 
present. After heating at 350°C for 2 hours, the 1.0-1.4 nm 
peaks collapsed into 1.0-nm peak (Figure 3). Therefore, there 
is no definite evidence for hydroxy-interlayered species in 
these samples. The 1.4-nm to 1.5-nm peaks should not collapse 
upon this heat treatment if these species are present in a 
sample. 
K-saturated, well-defined smectites and vermiculites at 
room temperature normally collapse to 1.0 nm. The peaks with 
large breadth at l.O to 1.4 nm in Figure 5 are likely the 
results of incomplete dehydration and the presence of one 
and/or two molecules of H2O in the interlayer position. This 
increases the hydrated radius of K"*" ions, and then ions 
cannot fit into the ditrigonal holes of the tetrahedral layer 
of expandable clays. This results in an incomplete collapse 
of the interlayer position and broadening of the peaks. 
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Figure 5. The XRD patterns of K-saturated and heated at 550°C 
<2-|jin samples of the Basal Loess paleosol and the 
Yarmouth-Sangamon paleosol at Site 0 on the upland. 
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Interstratified clays 
Interstratified layered aluminosilicate clays may be 
present in pedogenically weathered materials such as the Basal 
Loess paleosols and especially in the solum of the Yarmouth-
Sangamon paleosol. However, this analysis did not show 
definite evidence of these clay species. 
Thompson (1986) in study of a Pre-Wisconsin paleosols 
stated that the continuous expansion of smectites upon 
solvation might be the result of (1) loss of layer charge 
during weathering of smectites and/or (2) adherence of an 
hydroxy-Al interloper to one side of the interlayer space. 
This continuous expansion phenomenon has occurred here but to 
a lesser extent in the 3EBb and 3Btgb horizons of the 
Yarmouth-Sangamon paleosol of Site 0 (Figure 1). This process 
may have induced the decrease of smectites and/or vermiculites 
layer charge due to the chemical weathering in these 
paleosols. 
Other clav-size minerals 
Minor amounts of clay-sized guartz are present in all the 
samples, as evidenced by the peaks with 0.426 and 0.334-nm at 
20.8 and 26.6°20. Calcites and feldspars were not present in 
<2-|im fraction probably due to the weathering and leaching of 
carbonates from these samples. The sesguioxides were not 
analyzed by XRD. However, the sesguioxides extracted by the 
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CBD method were quantified and those data will be presented 
later. 
Figure 6 summarizes the XRD characteristics of the clays 
of the surface horizon (3EBb) in the Yarmouth-Sangamon solum 
under the standard treatments. The 3EBb horizon is the most 
weathered part of the solum and hence shows some of the 
possible transformations. The total organic matter of the 
solum is very low (<0.3% see Appendix D) due to the long-term 
decomposition. Nevertheless, the association of even small 
amounts of organic matter with the fine clays has reduced the 
preferred orientation of the samples on the tiles, as 
evidenced by the lowered intensity and broadening of the XRD 
patterns in the range of low angles. The accumulation of 
organic matter occurred mainly in the surface and/or near 
surface horizons. This acciaaulation was confirmed by dark 
gray to black color of the tiles. The broadening of the XRD 
peaks was mainly contributed to the presence of organic matter 
in those samples (Figure 8). 
The XRD evidence for micas and vermiculites in the 3EBb 
horizon was not present mainly due to weathering and 
transformation effects. The glycerol-solvated treatments 
produced a continuous expansion of XRD peaks which may 
indicate smectites and vermiculites of low- to high-charge 
species. 
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Figure 6. The XRD patterns of <2-|Lini samples of the 3EBb 
horizon of the Yarmouth-Sangamon paleosol at Site 0 
on the upland. 
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The clay mineral contents and composition of the 
paleosols on the stepped erosion surfaces and the loess-
covered terraces are nearly similar to that of the Yarmouth-
Sangamon solum in Site 0. In Figures 7, 8, and 9, the Mg-
saturated and glycerol-solvated patterns of the 2Ab horizons 
of the Basal Loess paleosol and the surface and the subsurface 
horizons of Yarmouth-Sangamon and Late-Sangamon paleosols of 
the catena are compared. 
The XRD patterns of the 2Ab horizons of the Basal Loess 
paleosols show different breadths for the expandable mineral 
peaks. This indicates various crystallite sizes, degree of 
perfection, and layer charge for these expandable minerals 
(Figure 7). The Basal Loess paleosol is a weakly developed 
paleosol. Therefore, relatively advanced clay mineral 
weathering could not occur in its solum, as evidenced by the 
presence of mica peaks (1.0 nm) in all the XRD patterns except 
the 2Ab horizon of Site 8. The 2Ab horizon in Site 8, based 
on the K2O analysis, has the lowest mica content (7% and the 
data will be discussed later) in the whole catena which 
confirms the above XRD observation. 
The 2Ab horizon's mineral suite of Site 8 is also 
different from others in having a sharp 1.44 nm vermiculite 
peak, indicating the presence of some discrete vermiculites. 
The kaolinite peak's breadth and their intensity are variable. 
As the patterns show. Sites 1 and 2 have the lowest intensity 
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Figure 7. The XRD patterns of Mg-saturated and glycerol-
solvated clays of the 2Ab horizons of the Basal 
Loess paleosols (BLP) of Sites 0 through 8. 
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Figure 8. The XRD patterns of the Mg-saturated and glycerol-
solvated clays of the EBb, Eb, and BEb horizons of 
the Yarmouth-Sangamon (YSP) and Late-Sangamon 
paleosols (LSP) of Sites 0 through 8. 
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Figure 9. The XRD patterns of the Mg-Saturated and glycerol-
solvated clays of the Btb horizons of the Yarmouth-
Sangamon (YSP) and Late-Sangeimon paleosols (LSP) of 
Sites 0 through 8. 
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values. The degrees of peak intensity and sharpness depend on 
many factors including absolute amount, crystallite size, 
imperfection, impurities, preferred orientation, and thickness 
of specimens and accompanying minerals. For kaolinite, the 
absolute amount and the crystallite size are probably the most 
important factors. 
Figure 8 also shows an analogous comparison for the EBb 
horizon (the uppermost horizon) of the Yarmouth-Sangamon and 
the Eb horizons of the Late-Sangamon paleosols in the catena. 
These horizons show the most pedogenically altered materials. 
The mica peaks that indicated the absence of discrete micas in 
the horizons are not present. The vermiculite peaks (1.44 nm) 
present in Sites 2, 5, 6, and 8 may be evidence of the 
transformation and weathering of micas into vermiculites. The 
peaks with large breadth of 2.0-1.7 nm and continuous 
expansion might be evidence of variable charge smectites and 
probably some interstratified species, indicating chemical 
weathering of expandable minerals. 
The clay mineral suite of the Btb horizons of the catena 
is not as variable as those of the Eb and EBb horizons. As 
the patterns in Figure 9 show, there is some evidence of mica 
peaks in the Btb horizons of Sites 5, 6, and 9 that indicates 
some discrete micas are present in the Late-Sangamon paleosols 
of the terraces. Thus, the Late-Sangamon paleosols of the 
terraces are less chemically weathered as compared to those of 
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Sites 0 and 1 on the upland. The Btb horizons of the Late-
Sangamon paleosols on the terraces (Sites 5, 6, and 8) and the 
erosion surfaces (Site 2) generally show more intensive 1.8-nm 
peaks with a narrower breadth as compared to Sites 0 and 1 on 
the upland. This also indicates that there are more discrete 
smectite crystallites in the Btb horizons of the terraces. 
The evidence such as presence of some discrete micas and 
smectites in the Btb horizons of the loess-covered terraces 
are also in agreement with the younger geomorphic position of 
these sites. 
The above qualitative relationships among the paleosols 
of the member of the paleocatena may be better understood, 
once the qualitative data are coupled with semi-quantitative 
analyses. This aspect is covered in the next section. 
Semi-Quantitative Analysis 
The relative weight percentages of the clay-size minerals 
are reported in Tables 1 to 5. Expandable (sum of smectites 
and vermiculites) and kaolinite clays are the major 
constituents composing 75% to 85% of the clay mineral suite. 
Vermiculites are about one fourths to one thirds of the 
expandable clays. The kaolinite content of the paleosols has 
a range of 25% to 35%. Mica content in the sola of the 
paleosols is normally between 9% and 15%. 
The quartz and Fe-oxide contents are highly variable. 
Table 1. The clay mineral contents and their relationships in the surface soil and 
the paleosols at Site 0 on the upland position. 
y. RaUo 
Sample 
55374 
Zone 
Ap 
Depth (m) 
0.2 
Exp. 
42 
Kin. 
nmM 
24 
Verm 
msmm 
15 
Mica 
21 
Qtz 
6.0 
Fe203 
3.5 
V«rm/& 
0.36 
cp Exp/KIn 
1.75 
Vermin 
0.63 
Mti^n 
0.88 
y«rm/MI« 
0.71 
55375 A 0.32 40 25 14 3.0 0.35 1.60 0.58 
55376 Bg 0.44 39 23 13 2.2 0.33 1.70 0.57 
55402 Big 0.04 49 24 13 17 8.0 2.5 0.27 2.04 0.54 0.71 0.73 
55331 MOL 1.98 51 22 14 0.27 2.32 0.64 0.00 
65383 MDL 2.51 54 23 14 17 3.0 3.0 0.2S 2.35 0.61 0.74 0.62 
55385 2Ab 2.76 50 25 20 16 6.0 3.3 0.40 2.00 0.80 0.64 1.25 
55389 3EBb 3.2 48 28 19 9 5.6 1.5 0.40 1.71 0.88 0.32 2.11 
55390 SBtgb 3.51 55 28 18 9 5.1 1.8 0.33 1.96 0.64 0.32 2.00 
55393 4BCgb 4.72 54 28 17 13 2.0 0.3 0.31 1.93 0.61 0.46 1.31 
55398 4M0L 7.01 37 34 12 7.7 0.32 1.09 0.35 
55401 4M0U 7.92 33 34 9 18 2.0 7.2 0.27 0.97 0.28 0.47 0.58 
&SfiT4St:S.® S3CSslSi!ii!3i?J-f5®Ss!! > --r-ffmiiti . 
Tho total parcsntages may not t>e 100V>. Refer to the Methc^s for explanation. 
Tha parcantags ol Verm. In also included In the Expandable. 
Abbreviations: Exp=expandable. Verm=vefmlculilo. Kln=kaolinH8, Qtzoquaxtz 
Table 2. The clay mineral contents and their relationships in the paleosols at Sites 
1, 2^ and 3 on the erosion surfaces on the upland position. 
% Ratio 
Sample Zone Deothfrn) Exp. Kin. Verm. Mica Qtz. Fe203 Verm/Exp ExpJKIn. VermJKIn. Mica/Kin. 
2Ab 
3EBb 
4EBtb 
SBtb 
SBCtb 
2.22 
2.43 
3.03 
3.47 
3.80 
53573 slte1 
53575 
53578 
53581 
53583 
53585 site 2 
53590 
53593 
53595 
53597 site 3 
53599 
53602 
53604 
53608 
53611 
The percentage of Verm, in also Included In the Expandable. 
Abbreviations: Exp=expandable. Verm=vermiculil0. KIn=kaolinita. Qtz=quartz 
51 • 25 18 14 3.1 3.6 0.36 2.0 0.73 0.56 
53 29 23 13 4.1 5.5 0.44 1.8 0.80 0.43 
52 35 20 9 1.8 5.4 0.39 1.5 0.57 0.25 
51 34 24 9 1.7 4.8 0.47 1.5 0.70 0.26 
49 31 18 10 2.3 4.3 0.37 1.6 0.60 0.34 
2M0L 0.94 51 29 19 15 2.9 3.0 0.38 
2&3Eb 1.55 45 35 19 10 5.4 3.5 0.41 
3EBtb 1.91 51 32 20 11 2.6 3.8 0.39 
3BCtb 2.20 49 30 14 11 2.4 4.4 0.30 
2Ab 1.91 57 27 18 14 4.0 • 0.31 
3Eb 2.24 51 33 17 13 5.3 0.34 
4Btb1 2.58 50 33 18 12 5.2 0.37 
4Btb2 3.01 52 31 20 12 4.5 0.37 
SBtb 3.89 54 32 17 11 5.0 0.32 
5BCb 4.45 51 33 19 12 3.5 0.37 
mmm mmm 
1.8 
1.3 
1.6 
1.6 
2.1 
1.5 
1.5 
1.7 
1.7 
1.5 
0.66 
0.53 
0.©3 
0.47 
0.66 
0.52 
0.56 
0.62 
0.54 
0.56 
0.53 
0.28 
0.34 
0.36 
0.54 
0.37 
0.37 
0.38 
0.35 
Table 3. The clay mineral contents and their relationships in the paleosols at Sites 
4 and 5 on the loess-covered terraces. 
% Ratio 
Sample Zone Depth (m) Exp. Kin. Verm. Mica Qtz. Fe203 .Verm/Exp ExpJKIn. VermJKIn. MIca/Kln. 
53546 site 4 2AB 2.07 60 26 19 11 2.9 2.8 0.31 2.3 0.73 
53548 3EBb 2.27 49 27 13 13 5.6 0.27 1.8 0.48 0,49 
53551 3Bwb 2,81 47 31 10 12 6,4 7.9 0.20 1.5 0.31 0.40 
53554 4Bwb 3.36 52 31 18 12 7.1 4.7 0.34 1.7 0.56 0.37 
53557 5Btb 4.34 50 27 14 14 6.2 1.8 0,27 1.8 0,50 0.52 
53561 6Ab 5.14 51 28 18 15 4.0 1,8 0.36 1,8 0.65 0.52 
53563 6Btb 5.56 49 28 14 14 2.3 0.6 0,28 1,7 0.49 0.50 
53565 6BCb 6.14 45 31 18 14 1.9 5.7 0.41 1.4 0,58 0.48 
53461 site 5 2Ab 2.22 53 23 18 12 3,7 6.0 0.33 2.3 0.75 0.52 
53462 3Eb 2.34 52 28 13 11 4.9 4.6 0.26 1.8 0.47 0.37 
53463 3Eb2 2.5 49 31 20 12 4.8 4.2 0.40 1.6 0.62 0.38 
53468 4Btb 3.67 52 31 14 3.1 2.9 0.27 1.7 0.46 0.71 
53474 4BCb 5.23 38 35 8 15 2.0 4.5 0.23 1.1 0.24 0.43 
53475 5Ab 5.4 50 29 14 13 . 2,6 1.0 0.27 1.7 0.47 0.44 
53479 5Btb 6,1 48 31 19 2,0 8,2 0,40 1.5 0.61 
mmmmm •
S K| sfi?Sii5S5SSJ »!55!.'ii5i533l5IS3; 
a. Th# total p«rcentaQSS may not bo 100%. Refer to ths Methods for explanation, 
b. The percentage of Verm. In also Included In the Expandable. 
c. Abbrevlad'ons; Exp=6xpandablo, Vami=vermiculite, K/n=l<aolinHa, Ql:2"quartz 
Table 4. The clay mineral contents and their relationships in the paleosols at Sites 
6 and.7 on the loess-covered terraces. 
% Ratio 
ample Zone 
sHe 6 3EBb 
Depth (m) Exp. Kin. Verm. 
29 15 
Mica Qtz. Fe203 Verm/Exp ExpJKIn. VermJKIn. Mlca/Kln. 
53513 2,20 
XWtfrX.'S'X*-
50 2.1 3.8 0.29 1.7 0.50 
53515 3EBb 2.51 47 30 17 13 7.3 3.0 0.36 1.6 0.56 0.43 
53521 3Btb1 3.18 52 30 18 12 1.5 2.1 0.35 1.7 0.61 0.39 
53522 3Btb2 3.41 53 26 16 11 3.4 1.7 0.31 1.9 0.58 0.40 
53525 4BCtb 4.22 51 31 19 11 2.6 4.1 0.38 1.7 0.63 0.36 
53616 site 7 3EB 2.43 47 30 15 5.5 0.31 1.6 0.48 
53621 4Btb 3.02 52 30 17 2.6 0.34 1.7 0.58 
53625 4BCtb 3.94 52 29 14 3.0 0.27 1.8 0.49 
53626 4BCb 4.10 51 29 19 2.9 0.37 1.8 . 0.65 
53630 5Btb? 5.00 49 28 18 1.7 0.36 1.8 0.63 
aeissi J . . . ' . < rmmmmmmmmm 
The total percentages may not be 100%. Refer to the Methods for explanation. 
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b. "Pie parcentag# of Venn, in also Included In the Expandable. 
c. Abbreviab'ons; £xp-expandablo, Vorm-vermlculite, K/n-kaoIinrto, Qtz^quartz 
Table 5. The clay mineral contents and their relationships in the paleosols at Sites 
8 and 9 on the loess-covered terraces. 
% Ratio 
Sample Zone Depth (m) Exp. Kin. Verm. Mica Qtz. Fe203 Verm/Exp ExpJKIn. VermJKIn. MIca/Kln. 
53635 site 8 3EBbl 2.50 49 30 16 7 8.0 3.0 0.34 1.6 0.53 0.24 
53636 3EBb2 2.70 44 30 17 8 11.7 4.0 0.40 1.4 0.58 0.26 
53642 4Btb 3.70 45 28 13 13 2.1 1.5 0.30 1.6 0.49 0.48 
53651 SDL 5.54 44 31 14 13 2.4 3.0 0.32 1.4 0.46 0.41 
53496 sites 3EBb 1.51 42 31 16 4.5 0.38 1.3 0.51 
53502 3Btb 2.54 52 32 14 3.6 0.26 1.6 0.42 
53505 4Btb 3.42 49 32 14 3.8 0.28 1.6 0.43 
53511 4M0L 5.31 50 33 14 4.0 0.27 1.5 0.41 
a. The total pofc#ntao#s may not b« 100%. Refer to the Methods for explanation. 
b. The percentage of Verm. In also Included In the Expandable. 
c. Abbreviations: Exp=expandable. Vorni=vermiculit0. Kln=kaollnlte. Qtz-quartz 
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Typically, the quartz content is between 2% to 6% and the Fe-
oxide content ranges from 0.3% to 7.9% depending on the 
hydromorphic conditions and landscape positions. For example, 
the solum of the Yarmouth-Sangamon paleosol (Table 1) has the 
lowest Fe-oxide content (0.3%) in the clay fraction with an 
average of 1.2%. The oxidized till or till-derived materials, 
however, have 7% to 8% Fe oxides in their clay fraction. The 
Eb and EBb horizons of the paleosols tend to have the highest 
clay-size quartz content. Generally, the clay-size quartz 
content of the Wisconsin loess is more than that of the till 
and/or till-derived sediments. 
The mineralogy of the Wisconsin loess is more uniform 
than the till and/or till-derived sediments (Table 1). The 
loess has a mineral suite similar to the paleosols. The data 
indicate that the clay minerals in the Wisconsin loess (except 
the Basal Loess) has uniform mica, Fe-oxides, kaolinite, and 
vermiculite contents as compared to those of Yarmouth-Sangamon 
solum and the till materials. This mineralogy data supported 
a montmorillonitic mineralogy class for the land-surface soil, 
Grundy silty clay loam, in the loess. The same class was also 
reported in the Soil Survey Report of Lucas County (Chowdery 
et al., 1989). 
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Chemical Composition 
In the following section, first the results of the 
pedogenic properties of the sesquioxides of the paleosols on 
the upland and the loess-covered terraces will be presented. 
The emphasis is on using the ratios of the oxides to the total 
constituents while reference is also made to the absolute 
amounts of the extractable oxides and the total constituents. 
The depth functions of the ratios of CBD-extractable free Fe, 
Mn, Al, and Si oxides (Fed/ Mnd# Al^, and Sid) total 
constituents (Fet, Mnt, Alt/ Sit) will be presented in a 
series of depth function graphs, and then they are evaluated. 
The subscripts "d" and "t" indicate CBD extraction and total 
elemental analysis data, respectively. Following the 
presentation of the free oxides and total elemental analyses, 
the pedogenesis of these paleosols will be further evaluated, 
using properties such as total-P, total-Ti, Si02/R2O3 molar 
ratio, pH, and alkaline leaching index. 
Free Oxides and Total Constituents (Poland) 
The amounts of the dithionite extractable pedogenic 
oxides and the ratios of these oxides to the total 
constituents are reported in Appendix E. Both total elemental 
and CBD analyses are done on the whole soil samples (<2 mm). 
The elemental analysis data are reported in Appendix F. 
Figures 10 through 16 demonstrate the relationships among the 
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free oxides and total constituents in the Yarmouth-Sangamon, 
Pre-Late-Sangamon, and Late-Sangamon paleosols of the upland 
and the loess-covered terraces. 
Stable upland /Site 01 
Figure 10 shows the depth functions of the free oxide to 
total constituent ratios for Site 0 on the upland position. 
This figure also includes the clay distribution at Site 0. As 
Figure 10-C shows, the surface soil in the Wisconsin loess and 
the Yanaouth-Sangamon paleosol have similar distributions of 
the Aid/Alt ratio which closely parallels the clay 
distribution. 
The depth functions in Figure 10-C and 10-D show that the 
Ald/Alfc ratio has a maximum value in the Btb horizon of the 
surface soil and the Yarmouth-Sangamon solum. As the clay 
content decreases so does this ratio. In the Basal Loess 
paleosol and the upper part of the Yarmouth-Sangamon paleosol, 
the Al(j/Alt increases and then gradually decreases with a 
decrease in clay content. However, in the loam and clay loam 
pre-Illionian till this relation is inverse, probably due to 
the presence of less unweathered silicates in the sand 
fraction of the upper part of the till. 
The amounts of extractable silica (Sid) were generally 
low. They range from 52.3 to 87.7 mg/kg in the Yarmouth-
Sangamon paleosola. The ratios of the extractable to the 
Fed/Fel 
(site 0) 
Wisconsin Loess 
Basal 
LMSI 2&3Ab 
3EBb 
38tob 
Y-S Paleosol 
4MOL 
Pre-llllnolan Till 
4M0U 
Mnd/Mnt 
(site 0) 
Aid/Alt X 100 
(site 0) 
Clay % 
(sHe 0) 
Figure 10. The depth functions of the pedogenic oxides and clay (<2 f.un) in a stable 
summit position on the upland (Site 0). 
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total silica (Sid/Sit) indicates only a few parts per thousand 
of the total silica was extractable by CBD method from the 
paleosola. The maximum ratio of 3.3 coincided with the 
maximum clay accumulation in the 3Btgb horizon. Like Al, Si 
shows an association with the clay distribution in the 
Yanaouth-Sangamon solum (Appendix E). 
Silica has a greater solubility and mobility than Al 
under most soil condition and this could be the reason for a 
more gradual decrease of Si^ from the 3Btgb to the 4BCgb 
horizons in the paleosolum (87.7 mg/kg to 52.3 mg/kg) compared 
to that of Aid (Appendix E). The extractable silica of the 
3Btgb horizon (with the clay max.) is 87.7 mg/kg (see Appendix 
E). The relatively high silica content in the argillic 
horizons of 3 and 4Btgb horizons of the Yarmouth-Sangamon 
solum could be the reason for the moderate firmness of the 
prismatic structure seen in these paleosols. Silica could be 
the agent of the cementation of microaggregates (see Appendix 
A). 
The depth function of the Fe^/Fet ratio in Figure 10-A 
shows a good correlation with the morphology of the Yarmouth-
Sangamon solum and underlying pre-Illinoian till (see also 
Appendix A). The 3EBb and 3Btgb horizons are light brownish 
gray to grayish brown (lOYR 6/2 & 5/2) with 4.63 to 6.04 g/kg 
of Fe^. The 4Btgb and 4BCgb horizons are light olive gray (5Y 
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6/2) and have only 0.73 to 2.35 g/kg of Fed with a mean of 
1.47 g/kg. 
Mn oxides show more vertical as well as lateral variation 
than Fe with depth and landscape position in Site 0 due to the 
2+ 2+ higher solubility and mobility of Mn as compared to Fe 
under similar redox conditions. As Figure 10-B shows, the 
Mnd/Mnt depth function has several accumulation zones for the 
extractable Mn oxides which are almost independent of the 
similar ratios for Fe. One distinct zone occurs in the 2Ab 
(Basal Loess), 3EBb, and the 3Btgb horizons which has a 
maximum of 68.1 mg/kg of Mnd- Another distinct zone occurs in 
the lower part of Yarmouth-Sangamon solum with a maximum of 
35.7 mg/kg of Mnd- About 80% in the first zone and 90% in the 
second zone of the Mnt is extractable. This indicates that a 
very small amount of Mn is probably associated with silicates 
and primary minerals and the main part of it is in free oxides 
forms. 
Site 0 was the most stable position in this paleocatena. 
Figures 11, 12, and 13 show the relationships between the 
pedogenic oxides and the total constituents of the paleosols 
at Sites 1, 2, and 3 on the shoulder, backslope, and footslope 
positions on the upland. These sites represent the less 
stable paleo-geomorphic surfaces as indicated by the 
occurrence of the Late-Sangamon paleosols (see Part I, Upland 
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Stratigraphy). The above relationships will be discussed in 
the following sections. 
Upland erosion surfaces fSites 1. 2. and 3^ 
The amount of Fe^ (see Appendix E) in the Late-Sangamon 
solum ranges from 6.7 to 20.1 g/kg which correlates very well 
with the grayish brown, olive brown, to brown matrix color 
(see Appendix A). There was a good correlation between the 
clay distribution in the paleo-argillic horizon and the ratios 
of the Aid/Alt, indicating that pedogenic processes were 
responsible for the clay movement. 
The highest amount of extractable Al^ is 2.23 g/kg which 
occurs at the clay maximum in the argillic horizon and 
indicate weathering and transformation of some primary 
minerals such as micas. The XRD of the paleo-argillic horizon 
had no evidence of a mica peak (Figure 9). 
The depth function of the Sid/Sit in Figure ll-D shows a 
partial desilication of the 3Eb horizon and the subsequent 
accumulation of Sid the paleo-argillic horizon. 
Sites 2 and 3 are the most unstable positions of the 
upland sites in the transect. The Late-Sangamon solum of Site 
2 has a relatively uniform matrix color of yellowish brown to 
strong brown (lOYR 5/4 & 7.SYR 4/6, Appendix A) which shows a 
good correlation with the depth function of the Fed/Fet ratios 
as shown in Figure 12-A. These ratios range from 0.25 to 
Aid/Alt X100 (SItel) Mnd/Mnt 
(Site 1) 
Sld/SltXiaOO(SHe1) Fed/Fet 
(Site 1) 
0.0 1.0 2.0 3.0 0.1S o.a o.M o.so 0.5 0.0 00 1.0 2.0 0.00 9.0 4.0 
ZO 
2Ab 
2.4 
2.1 
3Eb 2.8 
? 
t 
s 
3.2 
3.4 
SBtb 
3.S 
SBCtb 3.8 
4.0 
I 
Figure 11. The depth functions of the pedogenic oxides and clay (<2 ^ m) in an 
unstable ridgetop position on the upland (Site 1). 
Mnd/Mnt 
(<l(e2) 
0.5 
SWSttX 1000 
(fit* 2) 
0.5 1.5 2.5 3.5 
Fc<t/Fet 
(sit* 2) 
0.0 0.1 0.3 0.3 0.4 05 o.a 1.0 0.3 oo 20 30 
O.S 
1.0 2Ab 
1.5 
3Eb 
2.0 
(D) 2.5 
I 
Figure 12. The depth functions of the pedogenic oxides and clay (<2 |.un) on an 
unstable backslope position of a narrow ridgetop on the upland (Site 2), 
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0.37, indicating only 25% to 37% of Fe is extractable and the 
rest of Fe is associated with the silicates and prinary 
minerals. As compared to Sites 0 and l, at Site 2 there is no 
significant influx and accumulation of Fe^ over the paleo-
argillic horizon (4Btb). This indicates the instability of 
this site. However, the Mn^/Mnt depth function in Figure 12-B 
shows some accumulation of the Mn^ in the Basal Loess Paleosol 
(2Ab} and the 2EBb and 3Eb horizons. The depth functions of 
the Aid/Alt and the Si^/Sit almost agree with the lithologic 
discontinuity between the parent materials. 
The Late-Sangamon solum at Site 3 has uniform textural 
properties as evidenced by the clay distribution (Figure 13-
E). The 3EBtb and 4Btb horizons have clay contents of 26% to 
39% and sand content of 25% to 32%. The chemical composition 
of the Late-Sangamon solum at this site, as compared to the 
other upland sites (Sites 0, 1, and 2), is also uniform. The 
depth functions of the Al^/Alt and Sid/Sit ratios as shown in 
Figures 13-C and 13-D indicate uniform extractable free oxides 
of Aid arid Sid. 
The depth functions of Fed/Fet and Mnd/Mnt show a slight 
accumulation of extractable free Fe-Mn oxides in the upper 
horizons of the Late-Sangamon solum (Figures 13-A and 13-B). 
A high percentage (70% to 90%) of the pedogenic Mn oxides of 
the 3EBb and the upper parts of the 4Btb horizons is 
extractable. About half (42% to 55%) of the total Fe is also 
Mnd/Mnt 
(Site 3) 
0.50 
Aid/Alt X100 (Site 3) 
2.0 4.0 
Fed/Fet 
(Site 3) 
0.00 0.30 0.40 0.60 
ClayV. 
(Site 3) 0.0 4.0 
0.0 6.0 0.00 1.00 
1.6 
iAb. 2.0 
3EBtb 
2.6 
3.0 
9.6 
4Btb 
4.0 
4BCtb 
4.6 
6.0 J 
Figure 13. The depth functions of the pedogenic oxides and (<2 j.un) on a footslope on 
the upland position (Site 3). 
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extractable from the samples of these horizons. This 
indicates that the free Fe oxides are not well crystallized 
and they are probably formed as the results of the vertical 
and lateral solute influx from Wisconsin loess. However in 
the lower parts of the solum (2.93-4.82 m) there were many 
dark grayish Fe-Mn oxides. About 30% to 40% of the total Fe 
« 
was extractable from this depth. The oxides in the lower 
parts of the paleosolum, however, are more likely correlated 
with throughflow and sediment transport from the upland which 
occurred prior to the loess deposition. These oxides are well 
formed and they had low extractability percentages of 30% to 
40% as compared to 70% to 90% in the upper parts of the solum. 
Free Oxides and Total Constituents fLoess-Covered Terraces) 
The depth functions of the ratios of the extractable free 
oxides to the total constituents of Sites 4, 6, and 8 are 
shown in Figures 14, 15, and 16, respectively. In the 
following section, some details about the chemical composition 
for each of the sites on the loess-covered terraces will be 
presented. 
High terrace (Site 4) 
Figure 14-D shows the clay depth function of the 
paleosols at Site 4. The incipient nature of the paleo-
argillic horizons of both Late-Sangamon and Pre-Late-Sangamon 
Clay •/.(sits 4) Aid/Alt X 100 
(site 4) 
Mnd/Mnt (site 4) Fed/Fet (site 4) 
0.8 OS 0.4 t.O 0.2 05 0.0 0.0 1.0 
Wliconiln Loe*< BmJ ' ZO 
>-> It 
M 2Ab 
3BEb 
1.T 
3.0 
3 . .  
4Bob i.a 
4Btgb I.* 
L-S Palcoiol 4.0 
1.1 
1.1 
EB(b 
6.0 
• •«Ab 1.0 
1.0 
1.0 
(.0 
« •  •  
M 1.2 
1.1 
7.0 
fvj U1 
o 
I 
Figure 14. The depth functions of the pedogenic oxides and (<2 jjm) on a broad 
ridgetop on the high terrace position (Site 4). 
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paleosols is clear. For example, the clay ratio for the 
4Btgb/4BCtb is 1.2, indicating 20% clay increase. The weakly 
developed 4Btgb horizon of the Late-Sangamon solum indicates 
no significant in-situ pedogenic change, alteration, and 
transformation. 
Hence, the variations in the extractable free oxides are 
mainly due to variations in the till-derived pedisediment 
parent materials. For example, the extractability percentage 
of A1 of the 4Bgtb is 1.8% to 1.9%, for the 5Btb it is 1.3% to 
1.5%, and for 6Btb it is 1.0%. Based on the assumption that 
the ratio of Al^/Alt would offset the effect of the parent 
material variation, the differences in the above ratios would 
reflect the differential weathering intensity in the Pre-Late-
Sangamon and Late-Sangamon paleosols. However, if the parent 
materials had initially different weathering states, the 
different values of the initial Al^/Alt would also be 
reflected in the final Aid/Alt values. The Alj/Alt ratio would 
indicate a differential weathering condition if parent 
materials would have had the same initial Al^/Alt ratios which 
likely was not the case at Site 4. 
As mentioned earlier, the parent materials of the 
paleosols at Site 4 were likely pedogenically altered prior to 
the sedimentation at Site 4. Collectively, the differences in 
the ratios of Aid/Alt at Site 4 indicate the combined effects 
of the pedogenic regimes before and after deposition. This 
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verifies the polygenetic nature of the paleosols at this site. 
Thus, it would be difficult to speculate accurately the 
genesis of pedogenic oxides as related to the weathering 
condition in situ. 
The Mnd/Mnt depth function is shown in Figure 14-B. The 
4Btgb and 5Btb horizons have very uniform ratios. However, 
the upper parts of the Late-Sangamon and Pre-Late-Sangamon 
paleosols had the highest extractable Mn oxides, indicating a 
geomorphic surface and/or near surface 3BEb and 6Ab horizons. 
The 3BEb and 3Bgb horizons (2.26-2.80 m) show the highest 
Fea/Fet, and Mn^/Mnt ratios, indicating that these pedogenic 
oxides were not well crystallized and they are mainly 
amorphous. In the depth of 3.11 to 3.32 meters, there were 
many prominent very dark (lOYR 3/1) Mn oxides (Appendix A), 
but these had a very low extractability, indicating these 
oxides were well crystallized and probably transported with 
erosional sediments from the upland. 
The Aid/Alt depth function- in Figure 14-C shows that this 
ratio is high in the 3BEb and the 3Bgb horizons and ranges 
from 3.1 to 5.1, indicating the relatively greater weathering 
intensity of these horizons. This ratio does not show any 
correlation with clay content of the paleosola, which verifies 
that no significant in-situ pedogenic processes have occurred 
due to the instability of the landscape at this site. 
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Middle terrace (Site 6^ 
Figure 15 shows the depth functions of the ratio of 
pedogenic oxides to the total elements of the Late-Sangamon 
solum at Site 6. Unlike Site 4, the high accumulation of clay 
(about 60%) in the 3Btb horizon of the Late-Sangamon paleosol 
at Site 6 slowed down the solute influxes from the overlying 
2Ab and 3EBb in the upper parts of the 3Btb horizon, as 
evidenced by the presence of many Mn oxides. These oxides are 
about 90% extractable (Figure 15-B), indicating that they were 
mainly formed as the results of influxes from the overlying 
Wisconsin loess. The depth function of the Mnd/FScj ratio (see 
Appendix I) shows evidence of a perched water table at 2.5-3.0 
m over the 3Btb horizon. This zone had many Mn concretion in 
the field (Table 8, Part I). 
The ratios of the Al^/Alt in the upper part of the Late-
Sangamon solum (3EBb and 3BEb) show a gradual decrease with 
the depth and do not correlate with the clay content. This 
might be an indication that the 3Btb horizon (with a clay max 
of 60%) is not formed by pedogenic processes but is a geologic 
material which formed in a fine silty clay alluvium. That is, 
the argillic horizon (3Btb) has inherited much of the clay 
from the parent material and the clay maximum in this horizon 
was not due to an eluviation-illuviation process. 
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Figure 15. The depth functions of the pedogenic oxides and clay (<2 |jin) on a ridgetop 
on the middle terrace (Site 6). 
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Low terrace (Site 8^ 
The Late-Sangamoh argillic horizon of Site 8 is incipient 
and weakly developed, as compared to the that at Site 6 
(Figure 16-D). Figure 18-C shows that the Aid/Alt ratios are 
fairly small and range from 1.1 to 1.3 in the Late-Sangamon 
paleosol indicating a low-intensity weathering regime occurred 
in the solum. The gradual decrease from 1.3 to 1.2 and to 1.1 
also indicates that the weathering was intensified at the 
paleo-geomorphic surface. The influxes of solutes from 
Wisconsin loess has increased the extractable free Mn and Fe 
oxides in the upper part of the Late-Sangamon solum as 
evidenced by the accumulation of the free oxides. 
The ratios of Fe^/Fe^ in the Late-Sangamon solum are 
generally small and range from 0.13 to 0.29. The main part of 
the Late-Sangamon solum has <15% extractable Fe oxides, 
indicating that the main part of the total Fe is associated 
with the silicates and other primary minerals. Both 
morphology and Mna/Fed ratios (Appendix I) of the lower part of 
the paleosolum in the 4BCb horizon (4.7-5.15 m) indicate the 
presence of a relict water table. 
Total P. Ti. Molar Ratios, and Alkaline Index 
The total P, Ti, molar ratios of Si02/R203, alkaline 
leaching index, and pH data of Sites 0, 4, 6, and 8 are shown 
in Figures 17, 18, 19, and 20, respectively. The raw data 
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Figure 16. The depth functions of the pedogenic oxides and clay (<2 |4m) on a ridgetop 
on the low terrace (Site 8). 
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Figure 17. The depth functions of total-P, pH, TiOj, alkaline 
earth leaching index, and molar SiOj/RjOj ratio for 
the Yarmouth-Sangamon paleosol at Site 0 on 
the upland. 
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Figure 18. The depth functions of total-P, TiOj, alkaline 
earth leaching index, and molar SiOj/RjOa ratios 
for the Late-Sangamon and Pre-Late-Sangamon 
paleosols at Site 4 on a loess-covered terrace. 
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used to calculate these ratios and indices are tabulated in 
Appendix B and F. The data show the correlation of P and pH 
at these sites. The relationships between the parent 
materials, morphology and properties such as molar ratio and 
alkaline earth leaching index are also documented in these 
figures. The trends and relationships will be evaluated in 
the discussion section. 
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DISCUSSION 
The investigatiohs of the rock and soil stratigraphy of 
the Quaternary deposits of southern Iowa has shown that the 
upland stratigraphy consists of the Wisconsin "loess with its 
basal loess increment over Yarmouth-Sangamon (YS) and/or Late-
Sangamon (LS) paleosols (Ruhe, 1967; Hallberg, 1980; Bettis 
and Littke, 1987). The parent materials of the Yarmouth-
Sangamon and Late-Sangamon paleosols on the uplands are 
various deposits including pre-Illinoian till, colluvium-
alluvium, and till-derived sediments. 
A catena in the Whitebreast Creek Watershed along a 4.6-
km transect was evaluated in this study. The upland 
stratigraphy was shown to be similar to the upland 
stratigraphy reported in the literature (Ruhe, 1967; Hallberg, 
1980; Bettis and Littke, 1987) . However, the valley 
stratigraphy of the loess-covered terraces of the catena was 
found to be much more complicated than that of the upland. 
These terraces manifested at least three distinct depositional 
environments. In the upper part of each of these terraces a 
Late-Sangamon paleosol is formed. The parent materials of 
these soils are variable and include colluvium-alluvium and 
till-derived sediments. 
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Clay Mineralogy 
Qualitative Analysis 
In general, the mineral suites of the Basal Loess 
paleosol and Yarmouth-Sangamon paleosol are nearly similar to 
others reported in the literature (Ruhe, 1967; Hallberg, 1980; 
Effland, 1990; Thompson, 1986; Wioda, 1991) for similar 
geomorphic surfaces on uplands in Iowa. However, there are 
some subtle differences that will be discussed here. The 
study of the paleocatena showed smectites and kaolinite are 
the major clay minerals with moderate amounts of vermiculites 
and micas and minor amounts of quartz and sesquioxides. 
Definite XRD evidence for discrete vermiculites and micas was 
not present in the Yarmouth-Sangamon solum, probably due to 
weathering and transformation of these minerals. 
Chlorites, in general, do not exist in the sola of these 
paleosols, but there were minor amounts in the weathering 
zones such as in 4M0L of Site 0. Well-defined interlayered 
clay species such as hydroxy-interlayered species were not 
present in the Basal Loess, the Yarmouth-Sangamon, and Late-
Sangamon paleosols. This conclusion was based on the results 
of the 350°C and 550°C heat treatments of the K-saturated 
samples. 
Effland (1990) , in working with the Yarmouth-Sangamon and 
the Late-Sangamon paleosols of northeast Iowa, reported the 
occurrence of some interlayered species and also incomplete 
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expansion of Mg-saturated, glycolated samples which may 
indicate the presence" of high-charge smectites and/or 
vermiculites. Woida (1991), however, did not find XRD 
evidence of vermiculites in the solum of the Yarmouth-Sangamon 
paleosol. A similar conclusion to Woida (1991) was reached in 
the present study. 
Because of diagenesis, however, the present analyses may 
not represent the Pleistocene composition of the clay 
minerals. For instance, the pedogenic environments of the 
Yarmouth-Sangamon paleosol were probably intensive enough 
(high organic acids, low salt and pH) to induce neoformation 
and transformation. For example, the formation of hydroxy-Al 
interlayered species could have occurred under those 
conditions. Reaction of the Yarmouth-Sangamon paleosol is 
generally acidic and with pH values near 6 (Appendix B, see 
Site 0). If we consider the fact that the Yarmouth-Sangamon 
solum was covered by calcareous Wisconsin loess, the 
weathering and leaching of carbonates into the solum would 
have increased the pH to the present value of about 6. 
Therefore, pH values of <6 and therefore acidic to very acidic 
conditions could have existed prior to deposition of 
calcareous Wisconsin loess. With this scenario, hydroxy-Al 
(gibbsite) interlayered species could have been formed but the 
later influx of Ca^"*^ and silica rich soil solution could have 
caused diagenesis of hydroxy-Al interlayered species and 
265 
changed them into more stable minerals such as smectites under 
neutral and/or alkaline, and high ionic strength conditions. 
Lietzke et al.(1975) conducted soil-geomorphic studies in 
Michigan and suggested a similar diagenesis of" clay minerals 
of the buried soils. 
Basically, at low activity of Ca^^ ions, Al^^ for Ca^"*^ 
exchange reaction cannot happen because hydroxy-Al formation 
2+ is an irreversible reaction, but at high activity of Ca this 
reaction is reversible. The high activity of Ca^"^ due to the 
influx of Ca^^ and the selectivity of smectites for Ca^"^ could 
3+ 2+ • • facilitate the exchange of Al for Ca actions (Lindsay, 
1979) . 
Another alternative hypothesis is a continuous but slow 
addition of calcareous dust, which maintained a high enough 
2 +  •  •  •  .  «  «  
activity of Ca ions and silica with a high pH condition in 
the upper Yarmouth-Sangamon paleosol. Under these ionic 
conditions, gibbsite A1(0H)3) is unstable and, hence it can be 
dissolved resulting in interlayered clay species changing to 
other species (Lindsay, 1979; pp 57-77). The presence of a 
well defined argillic horizon in the Yarmouth-Sangamon solum, 
however, implies a low ionic strength and low divalent and 
trivalent action activities in the soil solution at the time 
of argillic horizon formation. In high ionic concentration 
and divalent ions conditions, fine clay flocculates and 
aggregates and the illuviation of fine clay will not occur. 
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The dispersion and subsequent illuviation of fine clay from 
upper parts into lower parts of soil profiles often require a 
low ionic condition with a low activities of di and trivalent 
cations. 
Therefore, the alternative hypothesis is less likely to 
be true since it does not agree with the conditions that 
initiated and induced the formation of the well expressed 
paleo-argillic horizon in the paleosoluin. Hence, the first 
hypothesis is more likely to be true. Argillic horizon 
formation in the Yarmouth-Sangamon solum predated the 
•  •  •  .  . 2 +  
conditions that induced the higher pH, higher activity of Ca 
ions, and silica in the soil solution, all of which could have 
resulted in instability of interlayered clay species. 
The clay mineral content and composition of the paleosols 
on the stepped erosion surfaces and the loess-covered terraces 
were nearly similar to those of the Yarmouth-Sangamon solum on 
the stable upland. The comparison of the Mg-saturated and 
glycerol-solvated XRD patterns of the 2Ab, Eb, and Btb 
horizons of the paleosols across the paleocatena showed this 
similarity. 
The XRD patterns of the 2Ab horizons of the Basal Loess 
paleosols showed different peak breadth sizes for the 
expandable clays. This indicates various crystallite sizes, 
degrees of perfection, and layer charge for the expandable 
minerals in these horizons. The Basal Loess paleosol is a 
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weakly developed, paleosol, as evidenced by less weathering of 
micas in all of the sites except Site 8. The- 2Ab horizon at 
Site 8 had the lowest mica content (7%) in the whole catena. 
The kaolinite peak's breadth and its intensity were 
variable. The 2Ab horizon of Sites 1 and 2 had the lowest 
kaolinite peak intensities. In general, the degrees of peak 
intensity and sharpness depend on many factors, including 
absolute amount, crystallite size, imperfection, impurities, 
preferred orientation, and thickness of specimens and 
accompanying minerals. For kaolinite, the absolute amount and 
the crystallite size are probably the most important factors. 
An analogous comparison was made between the Eb and EBb 
horizons of the Yarmouth-Sangamon and Late-Sangamon paleosols. 
The comparison showed that these horizons were the most 
pedogenically weathered horizons in the catena. Generally, 
the mica peaks were absent in the Eb and EBb horizons of the 
catena. Some vermiculite peaks (1.44 nm) were present in 
these horizons of erosion surfaces and loess-covered sites 
which could be evidence of transformation and weathering of 
micas into vermiculites. Generally, 2.0 to 1.7-nm peaks with 
continuous expansion were present in the Eb and EBb horizons 
and might be evidence of the presence of variable charge 
smectites and some interstratified species. These conditions 
could result in chemical weathering of expandable minerals. 
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The clay mineral suite of the Btb horizons of the catena 
was not as variable as those of the Eb and EBb horizons. 
There was some evidence of mica peaks in the Btb horizons of 
erosion surfaces and loess-covered terraces, indicating the 
presence of discrete micas. Thus, the Late-Sangamon paleosols 
of the terraces are less chemically weathered than those of 
stable upland. The Bt horizons of the Late-Sangamon paleosols 
on the terraces (Sites 5, 6, and 8) and the erosion surfaces 
(Site 2) generally show more intensive 1.8-nm peaks, as 
compared to those of stable upland. This also indicates that 
there are more discrete smectite crystallites in the Btb 
horizons of soils the on terraces. The evidence such as 
presence of some discrete micas and smectites in the Btb 
horizons of the loess-covered terraces is in agreement with 
the younger geomorphic settings of the loess-covered terraces. 
Semi-cmantitative Analyses 
The weathering trends in the paleocatena, based on the 
assumptions that kaolinite is resistant and relatively 
immobile, were evaluated. The amounts of micas and kaolinite 
in the paleosols on the upland and the mica to kaolinite and 
Verm/Mica ratios vary with the types of sediments and the 
intensity of pedogenic processes (Figure 21 and Table 1). 
Figure 21 shows that the vermiculite to kaolinite (Verm/Kln) 
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Figure 21. The relationships between mica, kaolinite, and 
venraculite in the <2-|4m samples of the surface soil 
and the Yarmouth- Sangamon paleosol, and Pre-
Illionian till at Site 0 on the upland. 
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relationship has almost an opposite trend to that of mica to 
kaolinite. 
Often in soils (Douglas, 1989) Verm/Kln ratio decreases 
from the surface downward. This is normally due to weathering 
and transformation of micas to vermiculites in soils with 
uniform parent materials and absence of pedoturbation. The 
Verm/Kln ratio for the stable upland site (Site 0) is expected 
to show two decreasing trends with depth, one in the land-
surface soil and the other in the Yarmouth-Sangamon solum. 
The Yarmouth-Sangamon solum has a decreasing trend with depth. 
However, the land-surface soil (Grundy silty clay loam) in 
Wisconsin loess does not show the decreasing trend with depth. 
This probably is due to K fertilization of the surface 
horizon, which potentially can limit weathering of the surface 
materials. Thus, the observed values for this ratio in the 
land-surface soil could be due to the combined effects of 
pedogenic, geologic, and anthropogenic processes that can not 
be differentiated at this level of study. 
The ratio (Mica/Kin) has a trend contrasting with the 
vermiculite to mica ratio (Verm/Mica). The Wisconsin loess 
with its Basal Loess paleosol (2Ab) has ratios ranging from 
0.64 to 0.88. The Yarmouth-Sangamon solum (3EBb, 3Btgb, and 
4BCgb) and pre-Illinoian till (the Alburnett Formation) have 
lower ratios, ranging from 0.32 to 0.47. The upper horizons 
of the Yarmouth-Sangamon solum (3EBb and 3Btgb) have the 
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smallest ratio of 0.32, suggesting weathering of the micas in 
the clay fraction. The mica content is 9% in these two 
horizons. The Mica/Kin ratio of the basal loess and/or Basal 
Loess paleosols across the paleocatena ranges from 0.52 to 
0.64. 
These data and also the XRD analyses, as discussed 
before, suggest weathering of micas into expandable clays in 
the solum of the Yarmouth-Sangamon paleosol. However, the 
extent of this transformation does not account for the total 
increase of the expandable clays in the Yarmouth-Sangamon 
solum. The increase in expandable clay content in the 3Btgb 
horizon compared to the underlying weathering zone is 20% 
(i.e., 3Btgb-(4MOL+4MOU)/2), whereas the decrease in the mica 
content is about 7% for the some horizons. 
Therefore, about 13% of the expandable clays might be 
either added as eolian dust to the upper parts of the solum or 
neoformed and/or added as transported sediments to the solum. 
The stratigraphy section in Part I of this study also 
supported the presence of a siltier sediment in the upper part 
of the Yarmouth-Sangamon solum and for this reason Arabic 
number 3 was assigned to it. However, addition of dust to the 
surface also could have disturbed and changed these ratios due 
to possible additions of unknown amounts of kaolinite and 
micas. 
I l l  
Nevertheless, the hypothesis of neoformation and addition 
of expandable clays to the Yarmouth-Sangamon surface needs 
further sampling and testing within similar soil-geomorphic 
settings. In general, the occurrence of a silty sediment over 
the Yarmouth-Sangamon and the Late-Sangamon paleosols from the 
upland onto the terraces was supported by the stratigraphy 
studies in Part I and the chemical data (will be discussed 
later). 
The expandable clays to kaolinite ratio in the Wisconsin 
loess, including the basal loess, ranges from 1.6 to 2.4. 
This ratio in the solum of the Yarmouth-Sangamon paleosol 
ranges from 1.7 to 2.0 and in the 4M0L and 4M0U zones reaches 
the lowest value and ranges from 1.0 to 1.1. 
The vermiculite content systematically decreases from the 
3EBb (19%) to 3Btgb (18%) to 4BCgb (17%) horizons in the 
Yarmouth-Sangamon paleosol of Site 0 (Table 1). A similar 
systematic trend is not present in the Late-Sangamon paleosol 
of Site 1 and the lower geomorphic surfaces on the erosion 
surfaces and the terraces. The vermiculite content is 
variable in the paleosola of the Late-Sangamon paleosols at 
Sites 1, 2, and 3 (Table 2), with an average of 19%. Similar 
non-systematic depth functions are also present in the Late-
Sangamon paleosol on the terraces. In these soils, 
vermiculites show more variability but lower amounts with an 
average of 15% in <2-|im fraction. The low contents of these 
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minerals on these geomorphic surfaces could be related to many 
factors such as pH, natural drainage, soil organic matter, and 
chemical composition. 
The qualitative clay mineralogy of the <2-|im fractions of 
the Yarmouth-Sangamon and Late-Sangamon paleosola showed their 
clay mineralogy have some similarities and differences from 
the reported literature. The present analyses suggest the 
absence of well defined hydroxy-Al interlayered and chlorites 
in the samples. However, quartz was consistently present in 
the clay fractions. Generally, the clay fractions of the 
paleosola were composed of smectites, kaolinite, vermiculites, 
micas, quartz, and Fe oxides. 
Based on the assumption that the slight deviation from 
100% total recovery does not significantly disturb the 
relationship among the minerals and also kaolinite was 
resistant under the weathering conditions of Yarmouth-Sangamon 
and Late-Sangamon, the genesis of the paleosola using 
relationships of Mica/Kin, Verm/Mica, Exp/Kln were examined. 
For example, the small ratio of the Mica/Kin (0.32) and 
the large ratio of the Verm/Mica (2.11 and 2.00) suggested a 
relatively intensive weathering regimes during Yarmouth-
Sangamon time on the stable upland at Site 0. The 
transformation of micas to expandable clays and/or 
neoformation of expandable clays at this site might also have 
happened. The weathering regimes of the Yarmouth-Sangamon and 
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Late-Sangamon periods were probably intensive enough to cause 
transformation and/or' formation of interlayered species. 
However, the diagenesis due to the solute influx from the 
overlying calcareous loess into the paleosola "could have 
changed the ionic conditions and subsequently changed the 
interlayered minerals into other species. 
The mineralogy of the Btb horizons of the Late-Sangamon 
paleosols on the loess-covered terraces, compared to the 
upland's Btb horizons, suggested a less intense weathering 
environments for the Late-Sangamon paleosols. However, the 
relatively very low content of micas (7-8%) and also no XRD 
evidence of a 1.0-nm mica peak for the 3EBb horizon of the 
Late-Sangamon paleosol at Site 8 suggested a relatively 
intensive weathering condition might have existed. The data 
suggest two possibilities for the behavior of Vermiculite and 
kaolinite in the solum of the Late-Sangamon paleosol at Site 
8: (1) parent material 3 (3EBb) was initially very low in 
micas and K-bearing minerals; (2) a favorable moisture and 
drainage condition, due to the low elevation and the sandy 
subsurface materials, accelerated the weathering processes at 
this position. The chemical analyses of the materials at this 
site support a systematic chemical weathering of the 
paleosolum (discussion in next section, see Figure 23). 
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Chemical Composition 
The extraction of the pedogenic free oxides of Al, Fe, 
Mn, and Si by citrate-bicarbonate-Na-dithionite or CBD-method 
of extraction gives good estimates of the total free oxides 
and oxyhydroxides in soils (Mehra and Jackson, 1960). The 
relative comparison of the amounts of these extractable oxides 
often provides information about soil environments and 
weathering regimes. The extracted amount of sesquioxides with 
a standard CBD method generally depends on variables such as 
soil texture, organic matter content, degree of crystallinity, 
and size of the oxides. The validity of a comparison within a 
soil profile depends on the textural uniformity and initial 
weathering states of materials. The concern in the use of 
this technique is due to the textural heterogeneity of the 
materials in this paleocatena. 
The study of textural properties of the parent materials 
in Part I showed that the paleosols are often developed in 
heterogeneous materials. The chemical and mineralogical 
diagenesis due to the coverage by calcareous Wisconsin loess 
and/or the incorporation of calcareous dust into the upper 
parts of the Yarmouth-Sangamon and Late-Sangamon paleosols 
have often confounded normal trends and the effects of the 
pedogenic oxides in the paleosola. 
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Various methods of extraction for pedogenic oxides have 
been used by soil scientists, but dithionite extraction is 
commonly used in pedogenesis. For example, Effland (1990) 
used both dithionite and oxalate extraction methods to extract 
pedogenic oxides from selected pre-Wisconsin paleosols in 
northeast Iowa. His data showed that the dithionite 
extraction provided more useful quantitative information as 
compared to the oxalate method for those paleosols. The 
oxalate extraction is mainly used for extraction of 
organically bound and poorly crystalline Fe and Mn oxides. 
Often, the data obtained from oxalate extraction combined with 
dithionite data can be used to calculate an Fe activity ratio 
which is a useful index to measure the degree of aging and 
crystallinity of Fe oxides (Blume and Schertmann, 1969). 
Due to the large number of samples in the Whitebreast 
Creek Watershed study and also because of the very low organic 
matter contents of the Yarmouth-Sang+amon and Late-Sangamon 
paleosols, the oxalate extraction was not used in this study. 
The total carbon content of the Yarmouth-Sangamon paleosol at 
Site 0 is about 1 g/kg and in the Basal Loess Paleosol it is 
about 2 g/kg. Both of these values are very low (see Appendix 
D) . 
The analysis of the total extractable pedogenic oxides 
may not provide a good basis for comparison of different 
pedogenic regimes if the parent materials in question are very 
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heterogeneous. Consideration of the relationships between the 
CBD-extractable free oxides and the total constituents or 
elemental analysis can be more useful in these situations 
because this approach should offset the effects of parent 
material variability to a great extent. 
Free Pedogenie oxides and Total Constituents (Upland) 
The pedogenie oxides and the total elemental analyses of 
the upland sites will be discussed here. Aluminium in a 
normal soil pH range (5-8) is generally immobile due to its 
high ionic potential (charge density) and chemical reactivity, 
and its translocation is mainly associated with other solid 
phases such as clays. The sorption of A1 to fine clay and the 
migration of the clay and forming the paleo-agrillic horizon 
was the likely mechanism for the present A1 relationship with 
depth in Figure lO-C. However, some in-situ weathering of the 
allviminosilicates and release of A1 could be the other 
mechanism for the observed relationship in Figure 10-C. 
The good correlation between the clay content and Aid/Alt 
ratio in the land-surface soil and the paleosolum may indicate 
the extraction of poorly defined hydroxy-Al oxides which were 
likely associated with Al-hydroxy interlayered clay species. 
The effect of this extraction is the enhancement of the XRD 
patterns, but also it may cause underestimation of poorly 
defined hydroxy-Al clays. The extractable Ala of the 
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Yarmouth-Sangamon solum ranges from 0.50 to 1.04 g/kg 
(Appendix E). The higher value of 1.04 g/kg is associated 
with the 3Btgb horizon in which the maximum clay content of 
the solum occurs. 
The amounts of extractable silica {Si^) were generally 
low, ranging from 52.3 to 87.7 mg/kg in the Yarmouth-Sangamon 
paleosola. Like Al, Si distribution is associated with the 
clay distribution in the Yarmouth-Sangamon solum. 
Silica has a greater solubility and mobility than A1 
under most soil condition, and this could be the reason for a 
more gradual decrease of Sia from the upper to lower horizons 
in the paleosolum compared to that of Aid. The relatively 
high silica content in the argillic horizons of the Yarmouth-
Sangamon solum could be the reason for the moderate firmness 
of the prismatic structure seen in these paleosols. Silica 
can cement microaggregates. 
The depth function of the Fea/Fet ratio has good 
correlation with the morphology of the Yarmouth-Sangamon solum 
and underlying pre-Illinoian till. The 3EBb and 3Btgb 
horizons were light brownish gray to grayish brown (lOYR 6/2 & 
5/2) with 4.63 to 6.04 g/kg of Fe^. The 4Btgb and 4BCgb 
horizons were light olive gray (5Y 6/2) and had only 0.73 to 
2.35 g/kg of Fed with a mean of 1.47 g/kg. This is the lowest 
mean value for the Fed in the Bt horizons of the Yarmouth-
Sangamon and the Late-Sangamon paleosols in all of the sites, 
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indicating that the free Fe oxides were largely removed from 
the Yarmouth-Sangamon solum. For example, Sites 1, 2, and 3 
on the side-valley wall with lower elevations than Site 0 have 
a range of 10 to 20 g/kg of Fe^ in the Btb horizons of the 
Late-Sangamon paleosola, indicating a better drainage and 
oxidation conditions and/or a differential lateral movement of 
Fe from the Yarmouth-Sangamon solum at Site 0 to these sites 
(Sites 1, 2, and 3). 
Oxidation and reducing conditions can influence the rate 
of Fe-mineral weathering in soils. For example, under 
oxidizing conditions, Fe released from weathering of Fe-
bearing minerals can precipitate as coatings on the minerals 
and protect and/or slow down the rate of further oxidation and 
weathering. However, a protective coating is less likely to 
form under reducing condition, resulting in a greater rate of 
weathering (Birkeland, 1984). This is a likely hypothesis to 
explain the loss of pedogenic Fe oxides from the lower part of 
the Yarmouth-Sangamon solum. Due to its location the presence 
an upland position, this paleosol released Fe from the soil 
system under the influence of a high water table and gravity. 
The increasing trend in the Fe^ from the Yarmouth-Sangamon 
paleosol of Site 0 (upland) toward the Late-Sangamon solum of 
Site 3 (footslope) indicates solute and sediment transport 
have had some important contribution in the differential 
transportation of the Fe oxides. This issue will be discussed 
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further in the discussion of the chemical composition of the 
loess-covered terrace at Site 4. 
In the weathering zones of 4M0L and 4M0U at Site 0 a 
yellowish brown color (lOYR 5/6) occurs. The "Fed is much 
higher compared to the values in the 4Btgb and the 4BCgb and 
it ranges from 13 to 18 g/kg for the <2-mm materials. The 
ratio of Fed/Fet in these zones ranges from 0.42 to 0.47, 
indicating that almost half of the total Fe is in free oxides 
and it is extractable. The other half is associated with 
silicates and primary minerals in these zones. 
The Fe and Mn oxides are inorganic coloring agents of 
most soil materials. Iron, like most of the heavy metals, is 
relatively immobile under well drained conditions. However, 
in hydromorphic soils and/or soils with high organic matter 
content, free Fe oxides are either in reduced forms or 
dissolved, and/or are complicated by dissolved organic matter. 
They can have a relatively high mobility in soil profiles, 
depending on the rate of solute transport, for example. 
The illuviation of these oxides can also occurs through 
adsorption by colloidal phases such as fine clay (smectites). 
The subsequent migration of fine clay to Bt horizons causes 
the removal and depletion of the Fe oxides from the place of 
weathering. This mechanism may also prevent pedogenic oxides 
from accumulating in situ. Rather, they are translocated with 
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other adsorptive phases such as expandable clays. An acid 
leaching condition is" a precondition of this mechanism. 
The extractable Fe and total elemental forms of Fe are 
not only important in the contribution to color, but they are 
also significant factors in predicating the weathering regimes 
and depth to water tables of paleosols. For example, the 
ratio of Fea/Fet (Figure 10-A) in the 3EBb and the 3Btgb 
horizons had a mean of 0.18, whereas in the 4Btgb this ratio 
had a mean of 0.06. The Fed had an average of 53.4 g/kg and 
23.4 g/kg in the upper and lower parts of the Yarmouth-
Sangamon paleosolum,respectively (see Appendix E) . The Fe^ 
distribution suggests that the lower part of the Yarmouth-
Sangamon solum has been more depleted of Fe and hence the 
4Btgb and the 4BCgb are more chemically weathered than the 
upper 3EBb and 3Btgb possibly due to influence of water table 
with respect to Fe-bearing minerals. However, the P 
distribution (will be discussed later) shows a similar 
weathering intensity in the upper and lower parts of the 
Yarmouth-Sangamon solum. Therefore, the upper parts of the 
Yarmouth-Sangamon solum may have been enriched by the Fe-
containing influxes from the upper Wisconsin loess. 
A fluctuating high water table can have quite a 
complicating effect on the chemistry of Fe and Mn due to the 
changes in redox potential, for example. The gray matrix 
color (SYR 5/2) of the paleosolum is due to the depletion of 
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Fe from the upper and the lower horizons. This morphology and 
redoximorphic effect is mainly attributed to the presence of 
high water tables in Yarmouth-Sangamon time. 
The relationships between Mn and Fe (Mnd/Fea ratio) and 
also the amount of Mnd can be used as indicators of the water 
table level in soils and weathering zones (Khan, 1991). The 
high accumulation of Mnd and also Mnd/Fea ratio suggests 
presence of a water table in a soil material. 
The ratio of the Mn^/Fed is the highest in the 4BCgb 
horizon of the Yarmouth-Sangamon solum. The depth functions 
of Mnd/Fed ratio for Sites 0, 1, 4, 6, and 8 are shown in 
Appendix I. The extractable Mn is high and ranges from 25 to 
35 mg/kg and the Mn^/Mnt ratio is also high (about 0.8-0.9 see 
Appendix E) in the solum of the Yarmouth-Sangamon paleosol at 
Site 0. As reported in the soil and the material description 
of Site 0 (Appendix A), the lower part of the paleosolum 
(4Btgb and 4BCgb) is gleyed with a light olive gray matrix 
color of 5Y 6/2 (the aquic moisture regime requirement) and 
with many Mn concretion. Collectively, the morphology and the 
chemistry data support the presence of a relict high water 
table in the Yarmouth-Sangamon solum. 
Thus, the advanced removal of Fe from the paleosolum of 
the Yarmouth-Sangamon paleosol was likely due to the pedogenic 
effect of a high water table which induced the reduction of Fe 
oxides and then removal of the Fe^"*" by lateral flow. The 
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accumulation of Fe, Mn, and A1 oxides on the footslope 
position (Site 3) of the paleocatena is indicated by the data. 
The initial extractable Fe content of the parent material of 
the lower paleosolum was high as evidenced by the Fea content 
of the underlying oxidized materials in the 4M0L and 4M0U 
zones. The Fe^ content ranges from 13 to 18 g/kg in the <2-mm 
fractions. 
The whole Yarmouth-Sangamon solum is intensively depleted 
of phosphorus as shown by the total-P content (Figure 22), 
indicating a relatively intensive chemical weathering regime 
occurred (this will be also discussed in the next section). 
The pH data show that pH in the upper part of the Yarmouth-
Sangamon solum in the 3EBb horizon and the Basal Loess 
paleosol (2Ab) compared to the 3Btgb and 4Btgb horizons is 
increased. This is evidence of alkaline solute influx into 
the upper parts of the paleosola (Figure 22). The paleo-
argillic horizon with a high clay content (about 50%) slowed 
the movement of these influxes and, therefore, the oxides had 
more time for crystallization and/or for adsorption by 
negatively charged surfaces such as very active smectites. 
This hypothesis is supported by the gradual decrease of the 
Fe^/Fet ratios from the upper to the lower parts of the 
Yarmouth-Sangamon solum. 
The major depletion of Fe and P occurred prior to the 
loess sedimentation. The results of pedogenic processes are 
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clearly shown by the depletion of the total-P from the 
Yannouth-Sangamon solum. The total-P in the solum is about 75 
ppm whereas in the Basal Loess paleosol it is about 300 ppm 
and in the underlying till about 500 ppm (see Figure 12). 
The movement of Mn has been shown to be independent of Fe 
in many mineral soils. Under low redox (pe+pH) conditions, 
i.e., saturated conditions in soils with pH about 6, for 
instance, Fe and Mn can be reduced and become relatively 
. 2+ . 
mobile. Once the pe increases to values above 4, Fe ions 
2+ .  
will be oxidized and precipitate whereas Mn ions are still 
soluble and can move into soil solution (McBride, 1994; pp. 
261-2). The rate of oxidation of Fe is sensitive to partial 
pressure of oxygen (p02) and pH. Thus, both pH and dissolved 
oxygen level in the soil solution will determine the rate of 
the transformations. The pH value of 6 was selected for the 
above relationship because it is the measured pH of the 
Yarmouth-Sangamon solum in this study. 
Generally, the extractable Mn oxides are high in the 
upper horizons of the Yarmouth-Sangamon, the Late-Sangamon, 
and Basal Loess paleosols (see Figures 10 to 14). This 
indicates that crystallization and precipitation of Mn at the 
hydraulic discontinuities above the argillic horizons have 
occurred. 
Manganese and Fe are plant nutrients and, therefore, 
their biocycling and accumulation in surface horizons occurs. 
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Figure 22. The depth functions of the pH and total-P in a 
stable broad summit on the upland position (Site 
0 ) .  
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The Basal Loess paleosols have 2 to 3 g/kg organic matter 
content and, hence, some of the free Mn and Fe oxides are 
associated with organic matter and are amorphous. However, 
the likely hypothesis to explain the accumulation of Mn in the 
surface horizons of the Yarmouth-Sangamon and the Basal Loess 
sola is the solute influxes from the overlying Wisconsin 
loess, as also noted by Ruhe (1967). 
Similar to the Fea distribution, the main part of the 
4Btgb horizon is also depleted of Mn oxides (see Figures lO-A 
and 10-B). The low total amount and low extractable free Mn 
and Fe oxides of this horizon indicate that the remaining Mn 
and Fe (i.e., Fe^-Fed) are associated with silicates. The 
accumulation of Mn oxides occurs at the interface of the 4BCgb 
and the underlying compacted pre-Illinoian till (4M0L). 
The poor correlation of the Mnd/Mnt ratio with the clay 
contents of the Yarmouth-Sangamon solum and also with 
Wisconsin loess is mainly due to the relatively high 
solubility of Mn under hydromorphic soil conditions. 
Collectively, several points can be mentioned about the 
pedogenic oxides, total-P, total constituents, and the 
morphology of the Yarmouth-Sangamon paleosol at Site 0. They 
may be summarized as follows: 
1. The Yarmouth-Sangamon solum shows a gradational 
change in Fea/Fet, Al^/Alt, and Sijj/Sit ratios with depth 
except for Mn^/Mnt ratio. 
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2. The influxes of Fe and Mn ions from the overlying 
Wisconsin loess have increased and confounded, (diagenesis) the 
trends of the pedogenic oxides in the upper parts of the 
Yarmouth-Sangamon solum. 
3. A relatively intensive weathering regime occurred in 
the 3Btgb and the 4Btgb horizons as suggested by the depletion 
of total-P and Fe from these horizons. 
4. The total-P content did not support a significant 
mixing of the Yarmouth-Sangamon solum with the overlying loess 
by regressive pedogenic processes such as cryo-bioturbation. 
5. A presence of a water table in the Yarmouth-Sangamon 
sol\im was supported by the data. The water table resulted in 
an advanced removal of Fe from the solum and the lateral flow 
of the dissolved Fe onto the lower footslope position. 
6. The extractable pedogenic oxides have a good 
correlation with the morphology of the paleosols and the 
underlying till. 
Therefore, the depth functions of Fe, Si, Al, Si, P were 
quite helpful in interpretation of the possible geomorphic and 
regressive and progressive pedogenic processes that could have 
occurred. However, as geomorphic surfaces become.less stable 
because of slope instability, erosion, and sedimentation, the 
interpretative values of the pedogenic oxides normally are 
questionable. 
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However for the upland erosion surfaces, the free oxides 
and the total elemental analysis of Site 1 may be used to 
evaluate the pedogenic value of this chemical method. Depth 
functions of the Fed/Fet, Mnj/Mnt, Ala/Alt/ and" Sid/Sit of Site 
1 in Figure 11 demonstrated the influx of solutes from the 
overlying Wisconsin loess and differential weathering of the 
paleosolvim. The influx of solutes into the 3Eb horizon have 
increased the extractable Fe and Mn oxides (Figures 11-A and 
11-B). The impedance effect of the paleo-argillic horizons 
(4Btb and 5Btb) on reducing the hydraulic conductivity was 
indicated by the accumulation of the Fe and Mn over the 
hydrological discontinuity (perched water table). The free 
oxides showed a good correlation with the clay distribution in 
the paleo-argillic horizon as well as with ratios of Aid/Alt. 
This indicates that pedogenic processes were responsible for 
the clay movement. Partial desilication of the 3Eb horizon 
and the subsequent accumulation of Sid in the paleo-argillic 
horizon at this site was shown. 
Generally, the results reveal that the movement of the 
pedogenic oxides agree with the catenary landscape model in 
the Whitebreast Creek Watershed. The data in Tables 6 and 7 
indicate these relationships for the Yarmouth-Sangamon and 
Late-Sangamon sola from the stable summit (Site 0) to the less 
stable (Site 1) to least stable positions (Sites 2 and 3) on 
the upland. The average values of the extractable Fe, Mn, and 
Table 6. The CBD-extractable free oxides in the 
Yarmouth-Sangamon (YS) and Late-Sangamon (LS) 
paleosola on the upland. 
Solum 
Sites Thickness Fe; Mnd Aid Sid 
(m) g/kg mg/kg g/kg mg/kg 
0 (YSP) 3.08-5.18 3.3 16.9 0.70 66.7 
1 (LSP) 2.29-3.93 11.0 24.8 1.21 76.7 
2 (LSP) 1.63-2.38 11.1 22.8 1.19 73.4 
3 (LSP) 1.98-4.82 11.3 56.5 1.72 68.9 
* subscript "d" on Fe, Mn, Al, and Si denotes the CBD-
extractable oxides from the <2-tnin samples. 
Table 7. The ratios of the CBD-extractable oxides to 
the total constituents in the Yarmouth-
Sangamon and Late-Sangamon paleosola on the 
upland. 
Sites 
Solum 
Thickness 
(m) 
* ** 
Fed /Fet lUlnd/iUlnt Aid/Alt 
% 
0 3.08-5.18 12.7 57.7 1.11 
1 2.29-3.93 32.3 49.7 1.97 
2 1.63-2.38 35.0 36.6 1.90 
3 1.98-4.82 38.7 78.1 3.12 
* subscript "d" on Pe, Mn, Al, and Si denotes the CBD-
extractable oxides from the <2-mm samples. 
** subscript "t" on Fe, Mn, Al, and Si denotes the total 
element of the <2-rom samples. 
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A1 oxides in the Yarmouth-Sangamon paleosoluin (Site 0, summit) 
are the smallest whereas the values in the footslope (Site 3) 
position are the largest indicating accumulation of these 
oxides in the lower landscape position. The ^all differences 
among the Fe oxides of Sites l, 2, and 3 may not be 
meaningful. 
The Yarmouth-Sangamon paleosolum contained lower amounts 
of free oxides than the Late-Sangamon paleosola. This may 
indicate a differential downward movement of Fe, Al, and Mn 
from the summit to the lower footslope position. Furthermore, 
as Table 7 shows, the extractability percentage (i.e., Fe^/Fet 
X 100) of Fe increases toward the younger geomorphic surfaces 
on the lower landscape positions, from 12.7% to 38.7%, from 
Site 0 (summit) to Site 3 (footslope). 
The differences between Mn oxides of Sites 0 and 3 (Table 
6) are likely significant and they indicate the downward 
movement of Mn from the summit to the footslope position by 
solute transport mechanisms. The extractability percentage of 
Mn is 57.7% on the summit and 78.1% on the footslope (Table 
7 )  .  
The general decrease of the Al^ from the summit to the 
footslope likely occurred due to the transport of erosional 
sediments from the Yarmouth-Sangamon and the upper Late-
Sangamon paleosola to Site 3. The extractability percentage 
of Al also increases from Site 0 toward Site 3, with a range 
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of 1.1% to 3.12% (Table 7). The Si^ values are generally 
constant for all the upland positions from Sites 0 to 3. 
Free Oxides and Total Constituents of Loess-covered Terraces 
The pedogenic relationships among the free oxides and the 
total constituents of the paleosols of Sites 4, 6, and 8 as 
the representative sites for the three loess-covered terrace 
levels will be discussed in this section. According to Part 
One, Site 4 has a moderately developed Pre-Late-Sangamon 
paleosol and a Late-Sangamon paleosol formed in the till-
derived materials. Site 6 has only one well developed Late-
Sangamon paleosol formed mainly in a silty sediment. Site 8 
has one weakly to moderately developed Late-Sangamon paleosol 
formed in a till-derived sediment. These Late-Sangamon 
paleosols are covered either by Wisconsin Basal Loess 
Paleosols and/or Wisconsin Loess. 
Generally, the amounts of the Fe^ and Aid increased as 
the elevation of the loess-covered Late-Sangamon paleosols 
decreased. A landscape model that may be applied to the 
present transect is a paleocatena. Hence, the relationship 
among the members of the catena in the present transect is not 
only temporal but also mass and energy relationships 
interconnect the members of soil-geomorphic system in such a 
model. Translocation of the solutes (Fe, Al, and Mn) and 
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Table 8. The CBD-extractable pedogenic free oxides 
in the Late-Sangamon paleosola on the loess-
covered terraces at Sites 4, 6, and 8. 
SOLUM 
Thickness 
* 
Fed MPd Aid Sid 
Site (m) g/kg mg/kg g/kg mg/kg 
4 2.36-5.05 11.5 66.4 1.18 69.0 
6 2.57-4.53 7.9 26.4 0.81 58.4 
8 2.69-4.83 3.9 23.9 0.60 86.8 
* subscript "d" on Fe, Mn, Al, and Si denotes the CBD-
extractable oxides. 
till-derived and loess-derived sediments among the members 
indicates a catenary model fits their relationships. 
The average values of the extractable Fe, Al, Mn, and Si 
for Late-Sangamon paleosola at Sites 4, 6, and 8 are reported 
in Table 8. The Fe^ decreases from 11.5 g/kg at Site 4 to 7.9 
g/kg at Site 6 to 3.9 g/kg at Site 8. A similar diminishing 
trend also occurs for Al<j. The average amounts of Aid iri the 
Late-Sangamon sola of sites 4, 6, and 8 are 1.18, 0.81, and 
0.60 g/kg, respectively. Based on these values of the Fe^ and 
the Aid, one may arrange the relative ages of the Late-
Sangamon paleosols. Hence, the Late-Sangamon paleosol of Site 
4 would be the oldest whereas the Late-Sangamon paleosol of 
Site 8 is the youngest paleosol. 
Complication with this arrangement may occur for applying 
such relative ages for the paleosols of the loess-covered 
293 
terraces in the valley. For example, the study of the 
textural properties of Sites 4 and 6 showed that the paleo-
argillic horizon (Btb) of the Late-Sangamon at Site 4 is not 
as developed as that of Site 6 (see discussion' of Sites 4 and 
6 in Part I). Often, one logical method to evaluate soil 
development and surface stability is to look at the degree of 
argillic horizon development. 
The Late-Sangamon surface (paleosol) of Site 6 was stable 
for a significant period as evidenced by the well developed 
paleo-argillic horizon. The chemical weathering of primary 
minerals, mineral transformation, and/or neoformation in 
stable positions are more advanced. Hence, greater amounts of 
pedogenic Fe^ and Aid "the paleosolum of Site 6 as compared 
to the Late-Sangamon solum of Site 4 would be expected to 
occur, if assuming similar climate conditions during the 
formation of the paleosols. Nevertheless, the Late-Sangamon 
solum of Site 4 has greater amounts of the Fe^, Mn^, and Al^ 
than that of Site 6 (Table 8). 
The catenary relationship explains why the solum of Site 
4 has a greater amount of pedogenic oxides than the paleosola 
at Site 6. The amounts of the Fed Aid iri the Late-
Sangamon solum of Site 4 are similar to those in the Late-
Sangamon solum of Site 3. Site 3 is located on a footslope 
position on the upland. Site 4 is located at a lower 
elevation than Site 3, therefore, it receives sediment from 
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Site 3 (see Figure 8 in Part One). However, the Late-Sangaxnon 
paleosols of both these sites (3 and 4) are formed in a 
similar erosional sediment derived from the higher geomorphic 
surfaces of Yarmouth-Sangamon and Late-Sangamon time. 
For example, the solum of the Late-Sangamon paleosol at 
Site 3 had an average of 10.7 g/kg of Fe^ and 1.77 g/kg of 
Aid. These values are close to those values at Site 4 (Table 
8). The morphology of the Late-Sangamon sola at Sites 3 and 4 
indicates a weakly to moderately developed paleosola but their 
parent materials were pedogenically altered and had gone 
through a significant period of chemical and physical changes 
before sedimentation at these sites. The increase in the 
amount of the extractable Fea and Aid the Late-Sangamon 
paleosola of Sites 3 and 4 is related to sediment transport 
from pre-weathered upland soils and to the parent materials. 
This relationship fits a catenary model. 
Due to the proximity of Site 4 to the upland position, 
the paleosolum of Site 4 received throughflow containing 
relatively mobile elements such as Mn. The accumulation of 
56.5 mg/kg and 66.4 mg/kg of Mna in the paleosola of the Late-
Sangamon paleosols in Sites 3 and 4 is mainly due to solute 
transport. The values of the Mnd for the sola of Late-
Sangamon paleosols in Sites 6 and 8 are 26.4 mg/kg and 23.9 
mg/kg, respectively which are much less than those at Sites 3 
and 4 on the backslope and footslope positions (see Table 8). 
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The system analysis of the catena reveals the complex 
nature of mass and enfergy addition, loss, transformation, and 
translocation across the soil-geomorphic system. 
For example, two points indicate that the use of the argillic 
horizon of the solum of the Late-Sangamon paleosols as an 
index of the geomorphic stability in Late-Sangamon time at 
Site 6 may not be correct: (1) the chemical analysis and 
textural properties of the Late-Sangamon solum at Site 6 
showed that the Aid/Alt ratio does not correlate with the 
total and/or fine clay distribution with depth as illustrated 
in Figure 15, (2) the clay mineralogy analysis suggests that 
the ratio of vermiculite to mica increases with depth, whereas 
this ratio in most soils (with uniform parent material) 
decreases from the soil surface downward (Douglas, 1989). 
These two points may suggest that using the argillic 
horizon (3Btb) as an index for the degree of soil development 
and surface stability of the Late-Sangamon solum at Site 6 may 
not be correct. Alternatively, the decreasing trend of the 
pedogenic oxides of the Fe^, Mn^, Al^ (Table 8) from Sites 4 to 
6 and to Site 8 show the relative degrees of the Late-Sangamon 
solum development. That is. Site 4 has the most developed 
paleosolum and Site 8 the least developed paleosolum on the 
loess-covered terraces. 
The first hypothesis, which was based on the geomorphic 
interpretation, suggests that Late-Sangamon soil development 
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at Sites 4, 6, and 8 was influenced and changed by the solute 
and the sediment transport from the upland especially at Site 
4. The alternative hypothesis which is based on chemical 
composition of the pedogenic oxides suggests that the 
paleosola in these sites systematically changed from Site 4 to 
6 and to 8. Each of these hypotheses is supported by 
physical, morphological, chemical, and mineralogical evidence. 
At this stage, it may not be logical to rule out one in the 
favor of the other. Hence, for a final conclusion more 
sampling from Site 6 and or similar surfaces is recommended. 
The highest values of the pedogenic Sid seemed to be 
related to the nature of the parent materials in the Late-
Sangamon sola on the loess-covered terraces. The extracted Si 
is mainly amorphous silica, which controls the silica activity 
of the soil. The results showed that the greater the silt and 
sand content, the greater the Si^. For example, the solum of 
Site 6 has a lower sand and silt content as compared to Sites 
4 and 8. The Site 6 paleosolum has the lowest Si^ which is 
58.4 mg/kg as compared to 69 mg/kg and 86 mg/kg at Sites 4 and 
8, respectively. The sand and silt component of these 
paleosols are dominated by quartz. 
In general, a catenary relationship between the members 
(sites) is clearly shown in the suiranary graphs of Figure 23. 
The mean of the extractable pedogenic oxide content changes 
with landscape position. The extractable Fe, Al, and Mn 
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Figure 23. The catenary relationships of the mean pedogenic 
oxide content of the Yarmouth-Sangamon and Late 
Sangamon paleosola. 
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oxides increase from Site 0 (stable summit) toward Site 3 
(footslope). 
On the loess-covered terraces the trend is opposite. The 
oxide values decrease from Site 4 at the highest elevation 
toward Site 8 at the lowest terrace position. Therefore, the 
accumulation of the free oxides occurred at Sites 3 and 4 
where both the solute and sediment influx from the upland are 
generally at a maximum at these positions. 
The variations of the extractable Si oxides for each site 
in the transect are shown in Figure 23-D. The variations are 
related to the parent material's variability as well as to the 
pedogenic regimes which occurred at these sites. For example, 
the paleosolum of Site 8 has the highest sand content and 
subsequently it also has the highest value of Sid content 
which reflects the effect of the high sand content of parent 
material. 
Total-P» Ti. Molar Ratios, and Alkaline Index 
The degree of soil development may be studied by various 
methods. The results of the elemental analysis and some other 
characteristics such as total phosphorus, Ti-oxides, alkaline 
leaching index, ratio of Si02 to sesquioxides, and pH have 
provided additional information about the properties of the 
soils and sediments and aid in the evaluation of the genesis 
of the paleosols. This information was shown to be useful in 
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checking the field observation as well as deciphering the 
processes involved in' the formation of the paleosols. The 
above soil chemical properties will be discussed in detail in 
the next sections. 
Total phosphorus 
The significance of phosphorus in soil genesis can not be 
ignored. The total-P may be fractionated into inorganic and 
organic forms; but for paleosols with very low organic matter 
content, the organic fraction probably is not important and 
phosphorus will be primarily in inorganic forms. Total 
phosphorus in soil materials is normally very low and on 
average is about 500 ppm (Lindsay et al., 1989). However, in 
non-weathered materials this value can be up to 1000 ppm. 
As stated by Birkeland (1984), primary P-bearing minerals 
and the adsorbed phases are progressively depleted from the 
soil surface, whereas organic P increases toward the surface 
in a fashion similar to soil organic matter. Primary 
phosphorus minerals such as apatites in leaching environments 
of most acid soils are not stable and will dissolve and either 
will be adsorbed by other phases such as clay, Fe and Al 
oxides, form complexes with very low solubility or be lost 
through leaching, and/or form new minerals which are more 
stable under existing soil conditions. 
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The weathering conditions under which the Yarmouth-
Sangamon and Late-Sangamon paleosols were formed are not well 
known. However, the weathering and leaching conditions were 
intensive enough to weather and remove a significant amount of 
P-bearing minerals. For example, as shown in Figure 17-A for 
Site 0, the total-P depth function indicates that only about 
75 ppm total-P remains in the Yarmouth-Sangamon solum. The 
total-P depth functions show that the boundary between the 
Basal Loess Paleosol and the upper part of Yarmouth-Sangamon 
paleosol is not gradational as compared to the pH depth 
function and the pedogenic oxides as discussed before. 
Rather, the total-P distribution supports the observation that 
a minimal degree of mixing occurred at the boundary between 
the upper parts of the Yarmouth-Sangamon solum and the Basal 
Loess paleosol. 
The depth function of the total-P in terms of P205% for 
the Late-Sangamon paleosol at Site 4 is shown in Figure 18-A. 
The variability of the total-P in the paleosola of the Late-
Sangamon soil at this site is much higher as compared to the 
solum of the Yarmouth-Sangamon paleosol. The high variability 
is attributed to the parent material variability and the 
instability of the landscape position at Site 4. 
The total-P depth functions for the Late-Sangamon 
paleosols at Sites 6 and 8 are shown in Figure 19-A and 20-C, 
respectively. The P distribution with depth in the Late-
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Sangamon paleosola of Sites 6 and 8 resembles that of many 
Mollisols with a miniioum content in Bt horizons. 
The total-P at site 6 has a minimum value of about 150 
ppm in the 3Btb and increases in the upper and" lower part of 
the sol\im. A similar trend is illustrated for the solum of 
Late-Sangamon paleosol at Site 8 with a minimum total-P 
content of about 125 ppm in the 4BEtb horizon. 
The distribution of the total-P at Sites 0, 4, 6, and 8 
confirmed the recognition of the paleosols and to some extent 
the chemical weathering and leaching that occurred. 
Nevertheless, it does not demonstrate the lithological 
discontinuity in the parent materials within and across the 
paleocatena. In this sense, total Ti02% can be more 
applicable and it will be discussed in the next section. 
Total titanium 
All of the primary Ti minerals may be residual in soils 
and their variations are mainly- related to parent material. 
The Ti, however, may occur as minor impurities in many other 
minerals as well. According to Milnes and Fitzpatrick (1989) 
the mean value of Ti is 5.1 g/kg for soils which is 
significantly higher than the estimated mean for sedimentary 
rocks (3.9 g/kg) and granitic rocks (3.3 g/kg), indicating 
that Ti is concentrated in weathering products and zones such 
as in soils. Generally, as the intensity of weathering 
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decreases from the surface downward the total Ti decreases 
with depth in uniform materials. For instance, this trend is 
demonstrated in the depth functions of the Ti02% of the 
Yarmouth-Sangamon and Late-Sangamon paleosola at Sites 0, 4, 
and 6 (Figures 17-B, 18-B, and 19-B). However, the variation 
of parent materials can disturb such a systematic 
interpretation of pedogenesis. 
Large variations from a gradational trend of Ti with 
depth are likely related to significant differences in parent 
materials. For example, this argument is demonstrated in 
Figure 17-B for the Yarmouth-Sangamon paleosolum at Site 0. 
The silty sediment (3BEb and 3Btgb) can also be differentiated 
from the till-derived (4Btgb and 4BCgb) parent materials by a 
break in the continuity of the total Ti02 depth function at 
the interface of the two materials. The separation of the 
parent materials was done based on the morphology and textural 
properties which seems to agree with the Ti trend. In 
contrast, the non-gradational decrease of Ti02 with depth in 
the silty sediment of the Late-Sangamon paleosol at Site 6 
does not support pronounced pedogenic processes, as evidenced 
by the presence of an argillic horizon. This suggests that 
the silty sediment in the solum of Site 6 is composed of 
different parent materials such as an eolian deposit over a 
fine alluvium. Hence, the Ti depth function was helpful in 
differentiating this textural discontinuity. 
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Molar ratio of SioO to sesouioxides 
The molar ratio of Si02/R203 normally increases from the 
surface dovmward as the intensity of soil formation decreases 
in a soil solum. In a study of a highly weathered volcanic 
ash in northern California, it was noticed that the obvious 
relative trends were the loss of Si and gains of Fe and A1 
upon weathering (Birkeland, 1984). The relationship of 
Si02/R203 used to evaluate progressive pedogenic 
processes. 
However, heterogeneity of the parent materials as shown 
by the chemical and textural properties is a rule rather than 
the exception, especially in the loess-covered terraces. For 
example, the variation of this ratio with the depth in the 
Late-Sangamon solum in Site 6 also confirms the parent 
material separation. It separates the 4BCtb horizon in the 
loamy sediment from the 5M0L zone. In general, the changes in 
the Si02 to sesquioxides ratios coincide with the materials 
separations of the Basal Loess and loamy pedisediment from the 
lower strata. However, the increase of this ratio in the 
upper 50-60 cm of the solum (i.e., in the 3EBb) from 2.5 m to 
3.0 m indicates that a relative movement of the silica in the 
3EBb horizon and/or it suggests that this horizon is formed in 
a material whose source is not the same as the silty material 
in which the 3Btb horizon is formed. 
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Further evidence for the differentiation of the silty 
sediment at Site 6 can be the sharp break in the depth 
function of the fine clay/total clay at the interface of the 
3EBb and 3Btb horizons as shown in Figure 22-C-. Therefore, 
the silty sediment as an informal name can only be applied to 
the upper 50-60 cm of what is called silty sediment in Site 6. 
The 50-60 cm thickness of the Upper part of the silty sediment 
at Site 6 is equivalent to a similar silty sediment with 10% 
to 20% sand content at Sites 0, 4, and 8. this trend suggests 
that the silty sediment is continuous across the paleocatena 
and it has a common source. Thus, the Si02/R203 relation was 
also useful for further evaluation of the uniformity and the 
processes. 
Figure 17-D shows the molar Si02/R203 ratio increases 
systematically from the 3Btgb to the 4BCgb horizons of the 
Yarmouth-Sangamon paleosol on the upland at Site 0. However, 
the upper part of the solum ,i.e., the 3EBb horizon has a 
higher ratio than Wisconsin loess and underlying 3EBb horizon. 
The higher molar ratio in the 3EBb horizon also shows the 
complex nature of geologic as well as pedogenic processes that 
occurred at the interface of the loess and underlying 
material. The high values of the Si02/R203 ratio at the 272 to 
308 cm depth may indicate that silica was concentrated at the 
interface of the Yarmouth-Sangamon paleosol and the lower part 
of Wisconsin loess. 
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The depth functions of molar Si02/R203 ratio on the loess-
covered terraces at sites 4 and 8 (Figures 18-D and 20-B) also 
correlate with the pedogenic interpretation which was made on 
the basis of the morphology and the textural properties of 
these sites for the Late-Sangamon paleosols. For example, the 
morphology and textural properties of the solum of the Late-
Sangamon paleosol at Site 4 were relatively uniform with a 
weakly to moderately developed solum due to surface 
instability, as discussed in Part I. 
The parent material separations as well as the degree of 
the solum development are well correlated with the depth 
function of the molar Si02/R203 ratio at Site 4. The boundary 
between the Pre-Late-Sangamon paleosol and the Late-Sangamon 
is separated by the Si02/R203 ratio. The lower part of the 
Late-Sangamon solum (5Btb and 5BCtb) has a relatively constant 
ratio of about 4 and it gradually increases to about 5 in the 
upper part of the solum (3EBb, 4Bgb, and 4Btb). However, the 
general trend of the ratio does not show a systematic 
decreasing trend for Si02/R203 ratio with depth, as it does in 
the well developed Yarmouth-Sangamon solum, due to the 
differences either in the parent materials, soil development, 
and/or the initial weathering status of the till-derived 
sediment. Alternatively, addition of eolian sediment and/or 
pedoturbation may have some relation to this observation. 
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The smooth depth function of the molar Si02/R203 ratio at 
Site 8 shows a sharp increase and then a decreasing trend 
(Figure 20-B). The two decreasing trends with depth indicate 
the change in pedogenic processes which resulted in the 
polygenetic and composite nature of the Late-Sangamon soils at 
this site. This nature of soil boundary was not shown by the 
total-P and the textural properties, indicating that a 
combination of methods is necessary to investigate the true 
nature of these soils. 
Alkaline earth leaching index 
The alkaline leaching index further shows the chemical 
weathering and removal of alkaline earth metals from the 
Yarmouth-Sangamon paleosolum at Site 0 (Figure 17-C). This 
index was calculated as (R2O3/(CaO+MgO+BaO) x 100. Hence, the 
larger the index, the more the materials are depleted from 
alkaline earth metals which indicates the degree of an 
pedogenic acid leaching of Ca, Mg, and Ba in the materials. 
At Site 0, the index shows that the most chemically altered 
horizons are in the Yarmouth-Sangamon solum. The data show 
that the pre-Illinoian till of 4M0U zone is the least 
chemically altered zone. 
The depth function of this index at Site 4 (Figure 18-C) 
illustrates that the pedisediment of the Pre-Late-Sangamon and 
Late-Sangamon sola are acid leached as also evidenced by the 
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large index nimbers and pH values of less than 6 (Figure 20-
D). This conclusion is consistent with the previous 
discussion about the pre-weathered state for these sediments 
at Site 4. 
The chemical analysis was very beneficial in the study of 
pedogenesis of the paleosols. However, one should be aware 
that in a catenary landscape model, the materials may also 
move across and within the system. Thus, resistant minerals 
such as rutile may also move with the sediments, hence their 
variation could be a result of geomorphic processes such as 
erosion. Furthermore, Fe and A1 were shown to be mobile to 
some extent either by solute transport or sediment transport 
and/or by both processes which can dispute the value of the 
elemental ratios. Any hypothesis made on the basis of the 
data obtained from elemental analyses should also be tested 
against other analytical methods. In general in this study, 
there was good agreement among the chemical data and 
sedimentology, clay mineralogy, and morphological properties. 
In summary, the depth functions of total-P, Ti, alkaline 
leaching index, pH, and molar ratio of Si02/R203 as well as the 
clay mineralogy data supported the pedogenic interpretations 
made for the pre-Wisconsin paleosols in this study. 
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SUMMARY AMD CONCLUSION 
Pre-Wisconsin paleosols in Iowa and the U.S. Midwest have 
been used as important stratigraphic units. Often, they are 
used as interpretive tools for pedogenesis, weathering 
environments, correlation purposes, and for identification of 
lithological discontinuities. Moreover, the contamination of 
soil and water resources with influxes of nitrates, 
herbicides, and heavy metals with percolating water require 
more detailed investigations of the nature of the substratum 
materials for reliable hydrogeological models. Often, the 
paleosols have more fine clay, Mn, and Fe oxides than the 
subjacent and superjacent materials. They can act as a 
filter. Thus, a relatively detailed chemical and 
mineralogical study of the paleosols can be helpful both in 
pedology and environmental studies. The objectives of this 
work were: 
1. to study the chemical properties and clay mineral 
suites in buried Pre-Wisoonsin paleosols with 
emphasis on Yarmouth-Sangamon and Late-Sangamon 
paleosols. 
2. to study the weathering effects of pre-Wisconsin 
time on the chemistry and mineralogy of Yarmouth-Sangamon 
and Late-Sangamon surfaces and materials. 
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A 4.6-km transect from a stable upland position to the 
loess-covered terraces was selected for investigation. A 
catenary model was developed to explain the existing soil-
geomorphic system. The pedogenesis of the paleocatena was 
evaluated for similarities and differences in the Yarmouth-
Sangamon, Pre-Late-Sangamon, and Late-Sangamon paleosols. 
Qualitative as well as semi-quantitative clay mineralogy and 
selected chemical parameters such as pedogenic free oxides, 
elemental analysis, total-P, and pH in addition to the 
morphology were used to investigate the pedogenesis of the 
paleosols. 
The qualitative clay mineralogy based on XRD analysis of 
the <2-)Wi fraction of the Yaimouth-Sangamon and Late-Sangamon 
paleosola showed that the clay suites are composed of 
smectites, kaolinite, vermiculites, micas, quartz, and Fe 
oxides. Generally, definite XRD peaks for the presence of 
discrete vermiculites, well defined hydroxy-Al interlayered, 
and chlorites were not distinguished in the paleosola of the 
paleocatena. Quartz was consistently present in the clay 
fraction. 
Semi-quantitative analysis was performed by using a 
combination method. On a weight basis in the <2-|im fraction, 
smectites, kaolinite, vermiculites, micas, quartz, and Fe 
oxides were the order of abundance. The Mica/Kin, Verm/Mica, 
Exp/Kln, and Vern/Kln relationships were used to evaluate the 
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pedogenesis and weathering conditions in the paleosola. The 
data suggested a relatively intensive soil weathering 
environment during Yarmouth-Sangamon time for the stable 
position on the upland. The transformation of micas to 
expandable clays and probably some significant neoformation of 
expandable clays on the stable upland position was likely to 
occur. The weathering condition of the Yarmouth-Sangamon and 
Late-Sangamon periods was intensive enough to cause some 
transformation and/or neoformation of hydroxy-Al such as 
hydroxy-interlayered vermiculite and smectite species. 
However, diagenesis due to solute influxes from the overlying 
calcareous loess could have changed the probable interlayered 
minerals into other species such as high-charge smectites. 
The mineralogical properties of the paleo-argillic 
horizons of the loess-covered terraces compared to the 
upland's paleo-argillic horizons, generally, suggested a less 
intensive soil weathering environment for the Late-Sangamon 
paleosols. This observation was supported by the presence of 
some discrete micas, except for the loess-covered terrace 
position at Site 8. The chemical data indicated a systematic 
chemical weathering of the paleosol at Site 8 that could be 
attributed to weathering conditions at this site. 
The vertical and lateral variations of the pedogenic 
oxides showed that a catenary landscape model is a suitable 
model for explaining the existing soil-geomorphic system. 
311 
That is, the mass and energy movement within and across such a 
system interrelated the members or the paleosols. Hence, the 
increase in the amount of extractable Fe, Mn, and A1 of the 
paleosols from the stable position of the upland (Site 0} 
toward the erosional surfaces (backslope and footslope 
positions) and a subsequent decrease of these element in the 
Late-Sangamon paleosols of the loess-covered terraces 
indicated that an accumulation of pedogenic oxides occurred at 
the convergence of the upland and the terraces. On the loess-
covered terraces, generally, the amounts of the Fe^ and Al^ 
decreased as the elevation of the Late-Sangamon paleosols 
decreased. 
The influx of solutes such as Fe, Mn, and Ca from the 
overlying Wisconsin loess into the upper parts of the 
paleosols induced morphological (color and redoximorphic 
features) as well as mineralogical ( HIS, HIV to smectites and 
vermiculites) and chemical (pH) changes. Therefore, the 
present state of these properties in the paleosola may not 
represent the Pleistocene state of the properties, due to the 
possible occurrence of diagenesis. 
Site 0 on the upland contained the most pedogenically 
developed solum in the paleocatena. Collectively, several 
important points about the pedogenic oxides, total-P, and 
total constituents of the Yarmouth-Sangamon paleosolum at this 
site can be s\immarized as follows: 
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1. The influx of Fe and Mn ions from the overlying 
Wisconsin loess increased and confounded (diagenesis) the 
amount of pedogenic oxides in the upper parts of the 
paleosols. 
2. A relatively intensive weathering regime was 
supported by the total-P data and partially by Fe depletion. 
3. The total-P content did not support a significant 
mixing of the paleosolum with the overlying loess. 
4. The presence of a relict, high water table in the 
Yarmouth-Sangamon paleosolum was supported by the morphology 
and Fe data. The water table may have resulted in chemical 
weathering and removal of Fe and accumulation of Mn oxides in 
the solum. 
The depth functions of the total-P, Ti, alkaline metal 
leaching index, soil reaction (pH), and the molar ratio of 
Si02/R2O3 generally supported most of the pedogenic 
interpretations for the paleosols as well as being useful in 
parent material separations. The parent material separations 
and interpretations were made based on the morphological and 
textural properties reported in Part One. 
The composite pedogenic nature of the paleosols that 
resulted from the combined effects of the progressive and 
regressive pedogenic processes on the till, till-derived, and 
colluvial-alluvial parent materials in pre-Wisconsin time 
determined the nature of these paleosols. A comprehensive 
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knowledge of geomorphology as well as sedimentological, 
mineralogical, and chemical processes is required to decipher 
the pedogenesis of the pre-Wisconsin paleosols in the 
Whitebreast Creek Watershed. 
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GENERAL SUMMARY AND CONCLUSIONS 
Stratigraphy and Geomorphic Siirfaces 
Whitebreast Creek Watershed (WCW) is a major watershed in 
south-central Iowa. The Quaternary stratigraphy and the 
genesis of some buried pre-wisconsin paleosols of the 
watershed were investigated in this study. Ten sites were 
selected along a 4.6-km transect with emphasis on the stable 
to relatively stable divides for sampling. A hydraulic probe 
and an auger with split tubes were used to extract the 
samples. The sites were also surveyed in reference to a local 
benchmark. The surface elevation, macromorphology, mineralogy, 
physical properties, and reaction (pH) were analyzed. These 
data were used to reconstruct the subsurface stratigraphic and 
geomorphic relationships of the transect which were shown in a 
series of stratigraphic diagrams. They are included in Part 
One. The data show that the subsurface stratigraphy is 
complicated in the WCW. The degree of complexity, however, 
increases from loess to till to Pleistocene colluvial-alluvial 
sediments in the loess-covered terraces. 
The stratigraphy of the upland on the most stable 
position indicated, from the top down, that Wisconsin loess 
{<4% sand) and its basal loess increment (5%-10% sand) 
comprised the loess stratigraphy. A similar loess stratigraphy 
occurs on the stepped erosion surfaces and on the valley's 
loess-covered terraces. Often, on stable paleo-geomorphic 
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surfaces in the transect a Basal Loess paleosol is formed in 
the Basal Loess increment. 
The Basal Loess paleosol is time transgressive and its 
age is estimated to be about 18,500 RCYBP. The' involution 
disturbances and/or absence of the Basal Loess paleosol from 
the sites located on backslope positions indicates cryo-
bioturbation and/or erosion of this weakly developed paleosol 
in the early Wisconsin environment. A tundra-like periglacial 
climatic regime for early Wisconsin time in Iowa is reported 
in the literature. 
The Basal Loess paleosol or the Basal Loess covers pre-
Wisconsin paleosols in the transect. On the most stable 
position of the transect (Site 0) on the upland, the Basal 
Loess paleosol overlies a strongly developed Yarmouth-Sangamon 
solum which is mainly formed in the pre-Illinoian till. 
However, there are several lines of evidence that the 
parent material of the upper part of the Yarmouth-Sangamon 
paleosol namely the 3EBgb and BBtgbl horizons may not have 
been formed in the pre-Illinoian till. The evidence suggests 
that the upper part of the Yarmouth-Sangamon solum is formed 
in a sediment with high silt content (40-50%) and low sand 
content (10-25%) which was informally referred to as "silty 
sediment". 
Till stratigraphy of the upland is fairly typical of the 
pre-Illinoian till in southern and eastern Iowa. The pre-
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Illinoian till on the upland was correlated with the Alburnett 
Formation based on particle size and clay mineralogy. This 
till formation has loam to clay loam texture with almost equal 
amounts of expandable clays and kaolinite. 
The deep incision of the valley and the truncation of 
glacial till formations such as the Alburnett Formation 
suggest a significant post glacial and interglacial back-
wearing of the watershed. The eroded materials were the major 
source for the construction of the loess-covered terraces. 
Till-derived pedisediment and till-like sediments were 
differentiated in the materials of the sites lower in 
elevation than the primary divide of the upland. These till-
like erosional sediments are found as the parent materials of 
the Late-Sangamon paleosols. Relatively uniform till-like 
sediments also are present over the Pennsylvanian shale. 
The stratigraphic cross sections and general 
relationships between the materials of the upland and the 
loess-covered terraces show that Wisconsin loess blanketed the 
landscape. However, the underlying paleosols and sediments in 
the terraces have markedly different genesis and materials. 
The stratigraphy of the loess-covered terraces show that 
there are at least three Pleistocene terrace levels, each 
consisting of complexes of colluvial, alluvial, and till-
derived erosional sediments. The sediments below the Basal 
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Loess and/or Basal Loess paleosols have one or two polygenic 
paleosols with pedolo'gic horizons. 
Because the stratigraphy of the terraces was not known in 
the region, deeper samples down to the shale b'ed rock were 
taken from these levels. Sites 4 and 5, 6 and 7, 8 and 9 
represent the high to the low level of the Pleistocene 
terraces in the valley. 
Geomorphically in the terraces, two paleosurfaces are 
present in the materials below the Basal Loess. These are the 
Late-Sangamon and Pre-Late-Sangamon surfaces. Only the high 
terrace level contained both surfaces. The upper parts of the 
Late-Sangamon paleosol show more progressive pedogenesis (such 
as formation of an argillic horizon) than the underlying Pre-
Late-Sangamon paleosol. The Late-Sangamon paleosols are formed 
in till-derived erosional sediment and/or pedisediment. 
However, a silty sediment as described before may comprise the 
upper part of the solum, unless the solum was truncated by 
erosion. 
The Late-Sangamon paleosol in the middle terrace shows a 
developed argillic horizon compared to the Late-Sangamon 
paleosol on the high and low terraces. This indicates that the 
soil environment was more favorable for progressive pedogenic 
processes and/or the parent material(s) of the Late-Sangamon 
paleosol in the middle terrace initially had a higher clay 
content. The main part of the Late-Sangamon solum at Site 6 is 
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formed in a fine textured silty clay sediment. However, the 
stability of the Late-Sangamon surface for a significant 
period in Late-Sangamon time can be inferred for Site 6. The 
paleo-agrillic horizons of the Late-Sangamon paleosol in the 
low level of the loess-covered terraces are weakly to 
moderately developed. 
The rock stratigraphy of the materials below the 
paleosols is the most complex on the high level of the loess-
covered terraces, as indicated in the stratigraphic cross-
section of Site 4. Stratified coarse and fine colluvial-
alluvial and till-derived sediments occur below the paleosols 
at this site. This fact demonstrates that very intensive and 
numerous cycles of erosion and sedimentation have 
redistributed the sediments in the watershed. 
The materials below the Late-Sangamon paleosol in the 
middle terrace are composed mainly of a clayey alluvium with a 
12 m thickness. A till-like sediment underlies the alluvium. 
The most likely source of the fine-textured materials was 
erosional sediments from the Yarmouth-Sangamon and Late-
Sangamon surfaces. This conclusion was made based on the 
mineralogy and the particle size properties of these 
materials. 
The materials between the Late-Sangamon paleosols and the 
shale bedrock on the lowest level of the loess-covered 
terraces are composed of a thick (11 m) stratified sand. The 
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various degrees of stratification and sorting of the sand 
fraction data suggest different sources and/or energy flow 
regimes for the depositional environments of the terrace level 
at Sites 8 and 9. 
The subsurface stratigraphy investigations of the 
terraces revealed that they had contrasting depositional 
environments. Generally, there were complicated relationships 
existing between these major physiographic units and the 
upland of the Whitebreast Creek Watershed. 
Pedogenesis of Pre-Wisconsin Paleosols 
A catenary landscape model was developed to explain the 
existing soil-geomorphic system of the WCW. The pedogenesis of 
the paleocatena was evaluated for similarities and differences 
in the Yarmouth-Sangamon, Pre-Late-Sangaroon, and Late-Sangamon 
paleosols. The qualitative as well as semi-quantitative clay 
mineralogy and selected chemical parameters such as pedogenic 
free oxides, elemental analysis, total-P, total-Ti and pH in 
addition to the macromorphology data were analyzed. 
The qualitative clay mineralogy based on XRD analysis of 
the <2-|xm fraction of the Yarmouth-Sangamon and Late-Sangamon 
paleosola suggests that the clay suites are generally composed 
of smectites, kaolinite, vermiculites, micas, quartz, and Fe 
oxides. Definite XRD evidence for the presence of discrete 
vermiculites, well defined hydroxy-Al interlayered and 
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chlorites were not present in the sola of members of the 
catena. Quartz was consistently present in the clay fraction. 
A semi-quantitative analysis of the clay fraction was 
performed by using a combination method. On a-weight basis in 
the <2-jim fraction, the order of the abundance was smectites, 
kaolinite, vermiculites, micas, quartz, and Fe oxides. The 
Mica/Kin., Verm/Mica, Exp/Kln, and Verm/Kln relationships were 
used to evaluate the pedogenesis and weathering condition in 
the paleosola. The data suggest a relatively intensive 
weathering environment during Yarmouth-Sangamon time for the 
stable position on the upland. The transformation of micas to 
expandable clays and probably some significant neoformation of 
expandable clays on the stable upland position was likely to 
have occurred. The weathering condition of the Yarmouth-
Sangamon and Late-Sangamon periods was intensive enough to 
cause some transformation and/or neoformation of hydroxy-Al 
such as hydroxy-interlayered vermiculite and smectite (HIV & 
HIS species). However, diagenesis due to solute influx from 
the overlying calcareous loess could have changed interlayered 
minerals into other species such as high-charged smectites. 
The mineralogical properties of the paleo-argillic 
horizons of the loess-covered terraces, as compared to the 
upland paleo-argillic horizons generally suggest a less 
intensive weathering environment for the Late-Sangamon 
paleosols. This was evidenced by the presence of some discrete 
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micas except for the Late-Sangamon solum on the terrace at 
Site 8. The chemical "analysis data indicated the polygenetic 
nature of the Late-Sangamon paleosol at Site 8 that could be 
attributed to different weathering conditions 
The vertical and lateral variations of the pedogenic 
oxides show that a catenary landscape model is a suitable 
model for explaining the existing soil-geomorphic system. That 
is, the mass and energy movement within and across such a 
system interelated the members or the paleosols. The increase 
in the amount of free oxides of Fe, Mn, A1 of the paleosols 
from the stable position on the upland (Site 0) toward the 
erosional surfaces (backslope and footslope positions) 
indicates that a concentration of pedogenic oxides occurred at 
the convergence of the upland and the terraces. On the 
terraces, the amount of the Fed and Ala decreases as the 
elevation of the Late-Sangamon paleosols decreases. 
The influxes of solution containing Fe, Mn, and Ca from 
the overlying Wisconsin loess into the upper parts of the 
paleosols induced morphological changes (color and 
redoximorphic features) as well as some mineralogical (HIS, 
HIV to smectites and vermiculites) and chemical (pH) 
diagenesis. Therefore, the present properties of the paleosols 
may not represent the Pleistocene state of these properties 
due to the occurrence of potential and possible diagenesis. 
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Site 0 on the upland had the most pedogenically developed 
solum in the paleocat'ena. Collectively, several important 
points about the pedogenic oxides, total-P, and total 
constituents of the Yarmouth-Sangamon solum at this site can 
be summarized as follows: 
1. The influx of Fe and Mn ions from the overlying 
Wisconsin loess increased and confounded (diagenesis) the 
amount of pedogenic oxides in the upper parts of the solum. 
2. A relatively intensive weathering regime of the 
paleosols was supported by the total-P data and Fe depletion 
in the solum. 
3. The total-P data did not support a significant mixing 
of the paleosolum with the overlying loess. 
4. The presence of a relict, high water table in the 
paleosolum was supported by the Mnd/Fea data. The water table 
resulted in the chemical weathering and removal of Fe and 
accumulation of the Mn oxides. 
The depth functions of the total-P, total-Ti, alkaline 
metal leaching index, soil reaction (pH), and the molar ratio 
of Si02/R203 supported most of the processes and pedogenic 
interpretations made about the paleosols. These data were also 
helpful in parent material separations. The material 
separations were made based on the morphological and textural 
properties reported in Part I. 
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The composite pedogenetic nature of the paleosols that 
resulted from the coxnibined effects of the progressive and 
regressive pedogenic processes on the till, till-derived, and 
colluvial-alluvial parent materials in pre-Wisconsin time 
determined the nature of these paleosols in the Whitebreast 
Creek Watershed. 
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APPENDIX A: 
CHARACTERIZATION OF PALEOSOLS AND WEATHERING ZONES 
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SITE 0 
LOCATION; NEl/4 NEl/4 •SEl/4 Sec. 36 T72N R23W of Liberty 
township Lucas County, Iowa 
PHYSIOGRAPHY; broad loess-covered glaciated upland 
ELEVATION: 317in {1040ft) 
PARENT MATERIAL; Wisconsin loess over basal loess over Pre-
Illinoian till 
SLOPE:0-1% DRAINAGE; poor 
SAMPLE DATE; 3-5-1990 
SAMPLED AND DESCRIBED BY: Louis Boeckman, Gary A. Lindgren, 
Dale L. Lockridge, Tom E. Fenton, Carolyn G. Olson, Amir H. 
Charkhabi 
(color of moist materials) 
Depth Horizon Description 
(cm) Weathering Zone 
0-272 silty clay loam; noneffervescent; 
(Wisconsin loess) 
272-296 2Ab silty clay loam; noneffervescent; (basal 
loess paleosol) 
296-308 3EBb brown and light brownish gray (lOYR 4/3 
& 6/2) silty clay loam (higher sand 
content than above); noneffervescent; 
(basal loess) 
308-366 3Btgbl light brownish gray and grayish brown 
(lOYR 6/2 & 5/2) silty clay loam to 
silty clay; many fine to medium olive 
brown (2.5Y 4/4) mottles; moderate 
medium prismatic structure to strong 
fine subangular blocky; continuous clay 
skin; noneffervescent; (silty sediment) 
366-412 4Btgb2 light olive gray (5Y 6/2) clay; common 
fine brown and strong brown (7.SYR 4/4 
&4/6) mottles; moderate medium prismatic 
structure parting to strong fine 
subangular blocky; continuous clay 
skin; noneffervescent; (till) 
412-457 4Btgb3 light olive gray (5Y 6/2) clay loam; 
common but fewer course strong brown 
(7.5Y 5/6 & 5/8) mottles; moderate 
medium prismatic structure parting to 
moderate fine subangular blocky; 
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noneffervescent; (till) 
457-488 4Bgb 
488-518 
518-610 
610-732 
4BCgb 
4M0L 
4M0L 
732-823 
823-975 
4M0U 
4M0U 
light olive gray (SY 6/2) clay loam; 
common but fewer course strong brown 
mottles; moderate 
structure parting to 
moderate fine subangular blocky; 
concretion of Mn oxides (lOYR 2/1); 
noneffervescent; (till) 
(7.5Y 5/6 & 5/8) 
medivun prismatic 
light olive gray {5Y 6/2) clay loam; 
common medium strong brown (7.5Y 5/6 & 
5/8) mottles; weak medium prismatic; 
noneffervescent; (till) 
light olive gray (5Y 6/2) clay loam; 
many medium strong brown (7.5Y 5/6 & 
5/8) mottles; massive; noneffervescent; 
(till) 
yellowish brown (lOYR 5/6) loam to clay 
loam; common medium light brownish gray 
(lOYR 6/2) mottles with few very dark 
brown (lOYR 2/2) Mn conc. on the ped 
faces; massive; noneffervescent; (till) 
yellowish brown (lOYR 5/6) clay loam; 
few medium brown to strong brown (7.5YR 
5/6 & 5/8) mottles; massive; weakly to 
moderately effervescent; (till) 
yellowish brown (lOYR 5/6) gravelly clay 
loam; few medium brown to strong brown 
(7.5YR 5/6 & 5/8) mottles with conc. of 
very dark brown Mn oxides (lOYR 2/2); 
massive; alkaline: (till) 
>975 4Cr stopped by granite rock in till; 
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SITE 1 
LOCATION; NWl/4 NEl/4" SEl/4 Sec. 31 T73N R22W of Whitebreast 
township Lucas county, Iowa 
PHYSIOGRAPHY: loess-covered glaciated ridge top on upland 
ELEVATION; 313.9 m (1030 ft) 
PARENT MATERIAL; Wisconsin loess over basal loess over 
pedisediment over Pre-Illinoian till 
SLOPE: 1% 
DRAINAGE: well-drained 
DATE: 3-5-1990 
SAMPLED AND DESCRIBED BY: Louis Boeckman, Gary A. Lindgren, 
Dale L. Lockridge, Tom E. Fenton, Carolyn G. Olson, Amir H. 
Charkhabi 
(color of moist materials) 
Depth Horizon 
(cm) Weathering Zone 
Description 
213-229 2Ab 
229-242 3Ebll 
242-255 3Ebl 
256-305 
305-314 
4Eb2 
4EB 
grayish brown (lOYR 5/2) silty clay loam 
(low sand); common distinct medium 
yellowish brown (lOYR 5/6 & 5/8) mottles; 
brown (lOYR 5/4) Fe segregation and very 
dark brown (lOYR 2/2) Mn segregation; weak 
coarse platy structure; slightly acid? 
(loess) 
dark grayish brown (lOYR 4/2) silt loam; 
common fine light brownish gary (2.5Y 6/2) 
and light olive brown (2.5y 5/4) mottles 
and few gray(10YR 5/1) mottles; weak 
coarse platy structure; slightly acid; 
(silty sediment) 
dark grayish brown (lOYR 4/2) silt loam; 
conmion fine light brownish gray (2.5Y 6/2) 
and light olive brown (2.5Y 5/4) mottles 
and few very dark grayish brown(10YR 3/2) 
mottles; weak coarse platy structure; 
slightly acid; (silty sediment) 
light olive brown (2.5Y 5/4) gritty silt 
locim; few reddish brown (7.5YR 4/4) 
mottles; moderate fine platy structure; 
slightly acid; (pedisediment) 
light olive brown (2.5Y 5/4) and strong 
brown (7.SYR 5/6) clay loam; common fine 
reddish brown (7.SYR 4/4) Fe oxides 
mottles; moderate fine platy structure; 
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slightly acid; (pedisediment) 
314-329 4Btbl 
329-347 
347-363 
5Btb2 
5Btb3 
263-381 SBCtbl 
381-393 5BCtb2 
yellowish brown (lOYR 5/6) and brown 
(7.SYR 4/2) clay; common fine reddish 
brown {7.5YR 4/4) Fe oxides mottles; 
moderate medium subangular blocky 
structure; slightly acid; -.(till) 
grayish brown (lOYR 5/2) clay; many fine 
red (2.SYR 4/6) mottles; moderate medium 
subangular blocky structure; slightly 
acid; (till) 
gray (lOYR 5/1) clay; common fine reddish 
brown (7.SYR 4/4) Fe oxide mottles; 
moderate medium subangular blocky 
structure; slightly acid; (till) 
strong brown (7.SYR 5/6) and grayish brown 
(lOYR 5/2) clay; moderate medium prismatic 
structure; slightly acid; (till) 
gray brown (lOYR 5/2) and strong brown 
(7.SYR 5/6) heavy clay loam; moderate 
medium prismatic structure; medium acid; 
(till) 
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SITE 2 
LOCATION: NEl/4 NEl/4 •SEl/4 Sec. 6 T72N R22W of Whitebreast 
township Lucas County, Iowa 
PHYSIOGRZ^HY: narrow ridge top upland 
ELEVATION: 302.3m (991.7 ft) 
PARENT MATERIAL: Wisconsin loess over basal loe.ss over till-
derived pedisediment 
SLOPE: 2-3% DRAINAGE: well 
SAMPLE DATE; 3-5-1990 
SAMPLED AND DESCRIBED BY: Louis Boeckman, Gary A. Lindgren, 
Dale L. Lockridge, Tom E. Fenton, Carolyn G. Olson, Amir H. 
Charkhabi 
(color of moist materials) 
Depth Horizon 
(cm) Weathering Zone 
Description 
91-98 
98-107 
107-118 
118-131 
131-163 
163-183 
177-183 
MOL 
MDL 
2Abl 
2Ab2 
2&3Eb 
3Eb 
3EBtbl 
very dark grayish brown (lOYR 3/2) 
silty clay loam? strong acid; 
(loess with evidence of involution) 
very dark grayish brown 
clay loam; medium acid; 
evidence of involution) 
(lOYR 3/2) 
(loess with 
light brownish gray (2.5y 6/2) 
silty clay loam; common fine 
yellowish brown (lOYR 5/6 & 5/8); 
medium acid; (basal loess) 
light brownish gray (2.5Y 6/2) 
silty clay loam; common fine brown 
to strong brown (7.SYR 5/6 & 5/8); 
medium acid; 
yellowish brown (lOYR 5/4) gritty 
silt loam; moderate coarse platy 
structure; medium acid; (mixed 
loess & pedisediment) 
yellowish brown (lOYR 5/4) gritty 
silt loam; moderate coarse platy 
structure; medium acid; 
(pedisediment) 
yellowish brown (lOYR 5/4) heavy 
clay loam; moderate coarse platy 
structure; medium acid; 
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(pedisediment) 
183-198 
198-213 
213-238 
4Btbl strong brown (7.SYR 4/6) clay; 
strong brown (7.SYR 5/8) oxides; 
moderate medium prism to moderate 
fine subangular blocky; yellowish 
brown (lOYR 5/4) discontinuous clay 
coats; medium acid; (pedisediment) 
4Btb2 strong brown (7.5YR 4/6) gritty 
clay loam; strong brown (7.SYR 5/8) 
oxides; moderate prismatic to 
moderate fine subangular blocky; 
yellowish brown (lOYR 5/4) 
discontinuous clay coats; slightly 
acid; (till-like) 
4BCtb strong brown (7.SYR 4/6) gritty 
clay; strong brown (7.SYR 5/8) 
oxides; weak medium prism; 
yellowish brown (lOYR 5/4) 
discontinuous clay coats; slightly 
acid; (till) 
238-244 4C disintegrated granite rock 
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SITE 3 
LOCATION; SEl/4 NEl/4 •SEl/4 Sec. 6 T72N R22W of Whitebreast 
tovmship Lucas County, Iowa 
PHYSIOGRAPHY: shoulder position of narrow ridge top 
ELEVATION; 286.1 m (944.1 ft) 
PARENT MATERIAL; Wisconsin loess over basal loess over 
pedisediment over Pre-Illinoian till 
SLOPE; 2% DRAINAGE: well-drained 
SAMPLE DATE; 3-5-1990 
SAMPLED AND DESCRIBED BY: Louis Boeckman, Gary A. Lindgren, 
Dale L. Lockridge, Tom E. Fenton, Carolyn G. Olson, Amir H. 
Charkhabi 
(color of moist materials) 
Depth Horizon 
(cm) Weathering Zone 
Description 
183-198 2Ab grayish brown (2.5Y 5/2) and yellowish 
brown (lOYR 5/4) silty clay loam medium 
acid; (basal loess) 
198-213 3EBbt brown (lOYR 5/3) gritty silt loam; 
common fine grayish brown (lOYR 5/2) 
mottles; weak fine subangular blocky 
structure; few dark coats and flacks; 
medium acid; (silty pedisediment) 
213-235 3EBbt yellowish brown (lOYR 5/4) light clay 
loam; common fine grayish brown (lOYR 
5/2) mottles; weak fine subangular 
blocky structure; few discontinuous clay 
coats; medium acid; (pedisediment) 
235-250 3BEbt yellowish brown (lOYR 5/4) light clay 
loam; common fine strong brown (lOYR 
5/8) mottles; weak fine subangular 
blocky structure; light gray (lOYR 7/1) 
and pale brown (lOYR 6/3) clay coats; 
medium acid; (pedisediment) 
250-272 3Btbl brown (7.SYR 5/3) clay loam; common 
medium light brownish gray (2.5Y 6/2) 
and brown (7.5YR 4/4) mottles; moderate 
fine subangular blocky structure; medium 
acid; (pedisediment) 
272-293 3Btb2 dark yellowish brown (lOYR 4/4) clay 
loam; common fine strong brown (7.SYR 
5/6) mottles; moderate fine subangular 
293-311 4Btb3 
311-381 4Btb4 
381-411 4Btb5 
411-482 4BCtb 
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blocky structure; light brownish gray 
clay films; medium acid; (till-like 
sediment) 
strong brown (lOYR 4/4) clay loam; 
common fine strong brown (7.SYR 5/6) 
mottles; weak fine prismatic to moderate 
medium subangular blocky structure; pale 
yellow and light yellowish brown (2.5Y 
8.3 & 6/3) coats and many very dark 
grayish brown (lOYR 2/2) Mn oxides; 
medium acid; (till-like) 
light brownish gray (2.5y 6/2) clay loam 
moderate medium prismatic to moderate 
medium subangular blocky structure; 
light yellowish brown (2.5Y 6/3) clay 
coats; medium acid; (till) 
yellowish brown and light yellowish gray 
(lOYR 5/6 & 6/2) clay loam; weak medium 
prismatic to weak fine subangular blocky 
structure; dark gray (2.5Y 4/1) clay 
film; many very dark gray Mn oxides and 
strong brown (7.5YR 5/6) oxides; medium 
acid; (till) 
yellowish brown and light yellowish gray 
(lOYR 5/6 & 6/2) clay loam; weak medium 
prismatic to weak fine subangular blocky 
structure; dark gray (2.5Y 4/1) clay 
film; many very dark gray Mn oxides and 
strong brown (7.SYR 5/6) oxides; medium 
acid; (till) 
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SITE 4 
LOCATION; SEl/4 SEl/4'NEl/4 Sec.6 T72N R22W of Whitebreast 
township Lucas County, Iowa 
PHYSIOGRAPHY: Ridge of high terrace 
ELEVATION; 284.9 m (934 ft) 
DEPTH OF SAMPLING; 22 m 
PARENT MATERIAL: Wisconsin loess over basal loess over 
pedisediment over stratified colluvial-fluvial-eolian 
sediments over Pre-Illinoian till 
SURFACE SLOPE; 1-2% 
DRAINAGE: poorly-drained 
SAMPLE DATE: fall 1989 & 3-5-1990 
SAMPLED AND DESCRIBED BY: Louis Boeckman, Gary A. Lindgren, 
Dale L. Lockridge, Tom E. Fenton, Carolyn G. Olson, Amir H. 
Charkhabi 
(color of moist materials) 
Depth Horizon Description 
(cm) (weathering zone) 
204-226 2Ab light brownish gray (2.5Y 6/2) silty clay 
locimj common fine prominant strong brown 
(7.SYR 5/6) mottles; moderate fine to 
medium subangular blocky structure; 
slightly acid; (basal loess) 
226-268 3EBb light brownish gray and yellowish brown 
(lOYR 6/2 & 5/6) silty clay loam; coatings 
of pale yellow (2.5Y 8/2) on ped surfaces; 
moderate fine to medium subangular blocky 
structure; (silty pedisediment) 
268-280 3Bgbl yellowish brown and light brownish gray 
(lOYR 5/4 & 6/2) silty clay loam; few fine 
distinct strong brown (7.SYR S/6) oxides; 
moderate medium subangular blocky 
structure; (silty sediment) 
280-311 4Bgb2 yellowish brown and light brownish gray 
(lOYR 5/6 & 6/2) clay loam; common fine 
distinct strong brown mottles and few fine 
distinct brown (7.SYR 4/4) oxides; 
moderate medium subangular blocky 
structure; (till-derived pedisediment) 
311-332 4Bgb3 light brownish gray (lOYR 6/2) clay loam; 
many fine prominent very dark gary (lOYR 
3/1) Mn-oxides and few medivun distinct 
strong brown (7.SYR 5/6) mottles; moderate 
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332-363 4Bgb4 
363-396 4Bgb5 
396-411 5Bbtl 
411-433 5Btb2 
433-482 5BCtbl 
482-497 5BCtb2 
497-512 5Btb 
512-530 6Ab 
fine subangular blocky structure; (till-
derived pedisediment) 
light brownish gray and yellowish brown 
(lOYR 6/2 & 5/6) clay loam; many fine 
prominent very dark gray (lOYR 3/1) Mn-
oxides and common fine distinct strong 
brown (7.SYR 4/6) mottles; moderate fine 
subangular blocky structure; (till-derived 
pedisediment) 
as above but less prominent Mn-oxides; 
(high silt zone) 
matrix color and mottles as above but 
silty clay loam with more prominent Mn-
oxides; moderate medium prism parting to 
fine to medium subangular blocky 
structure; (till-derive pedisediment) 
(color as above but less prominent Mn-
oxides) silty clay loam; many medium 
yellowish brown (lOYR 5/6) oxides and many 
medium prominent light brownish gray (2.5Y 
6/2) mottles; moderate fine to medium 
subangular blocky structure; (till-derived 
pedisediment) 
(color as above) sitly clay loam; many 
medium prominent light brownish gray (2.5Y 
6/2) mottles and strong brown (7.SYR 5/8) 
oxides; moderate fine to medium subangular 
blocky structure; (till-derived 
pedisediment) 
(color as above ) silty clay loam; but 
more of common dark reddish brown (SYR 
3/2) and brown (7.SYR 4/4) Mn-Fe oxides; 
moderate fine to medium subangular blocky 
structure; (till-derived pedisediment) 
light gray (2.5Y 7/2) silty clay loam; 
common medium prominent strong brown 
(7.SYR S/8)oxides; moderate fine to medium 
subangular blocky structure; (till-derived 
pedisediment) 
grayish brown (2.SY S/2) clay loam; few 
fine distinct yellowish brown mottles and 
dark grayish brown (2.5Y 4/2) coats on ped 
faces; moderate fine to medium subangular 
344 
blocky structure; (till-derrved 
pedisediment) 
530-555 6Btbl 
555-579 6Btb2 
579-604 6Btb 
604-655 6BCb 
655-668 6M0L 
668-710  
710-732  
732-753  
753-771  
6M0L 
7M0L 
7M0L 
7M0L 
light gray and light brownish gray (2 .5y  
7/2 & 6/2) clay loam; common medium 
prominent strong brown (lOYR 5/6) oxides; 
dark gray (lOYR 4/1) clay film; moderate 
fine to medium subangular blocky 
structure; (till-derived pedisediment) 
light gray (2.5y 7/2) clay loam; few fine 
faint light brownish gray (2.5 Y 6/2) and 
common medium prominent yellowish brown 
(lOYR 5/6) mottles; moderate fine to 
medium subangular blocky structure; (till-
derived pedisediment) 
light olive brown and grayish brown (2.5Y 
5/6 & 5/2) clay loam; few fine prominent 
brown (7.5YR 4/4) and few fine prominent 
Fe-Mn oxides; moderate fine to medium 
subangular blocky structure; (till-derived 
pedisement) 
brownish yellow (lOYR 6/8) clay loajn; few 
fine prominent light gray (2.5Y 7/2) 
mottles; massive; 
brownish yellow and light gray (lOYR 6/6 & 
7/2) loam to sandy loam; few fine distinct 
light gray (lOYR 7/2) mottles and few 
medium prominent black (3N/0) Mn-oxides; 
massive; increase in >2mm content; 
stratified; non-effervescent 
brownish yellow (lOYR 6/6) loam to silt 
loam; stratified; non-effervescent 
brownish yellow and light yellowish brown 
(lOYR 6/6 Si 2.5Y 6/3) silty clay loam; 
high silt zone and stratified; non-
effervescent 
brownish yellow, light yellowish brown and 
light gray (lOYR 6/6, 2.5Y 6/4 & 7/2) clay 
to clay loam; massive; non-effervescent 
brownish yellow (lOYR 6/6) sandy loam; few 
fine distinct light yellowish brown (lOYR 
6/4) and few fine distinct strong brown 
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771-786 7M0L 
786-838 7M0L 
838-914 7M0L 
914-991 7M0L 
991-1036 8MRL 
1036-1067 8MRL 
1067-1113 8MRL 
1113-1117 9MRL 
1117-1219 9MRL 
1219-1250 9M0L 
1250-1311 lOOL 
1311-1372 lOMOL 
1372-1402 lOMOL 
(7.5 YR 5/8) oxides; massive; non-
effervescent 
brownish yellow and light yellowish brown 
mixed (2.5Y 6/4 & lOYR 6/6) sandy locim to 
gravelly loam; few fine distinct brownish 
yellow (lOYR 6/6) oxides; massive; non-
effervescent 
light yellowish brown (lOYR 6/4) silty 
clay loam and sandy loam; no more than 2 
mm sizes; stratified; non-effervescent 
yellowish brown (lOYR 5/6) silty clay loam 
and sandy loam; stratified; non-
effervescent 
yellowish brown but last 15 cm light gray 
(lOYR 5/6, last 15 cm is 2.5Y 6/2) sandy 
loam; stratified; accumulation of Mn-
oxides at 990 cm; sharp boundary; non-
effervescent 
grayish brown (2.5Y 5/2) silty clay loam; 
yellowish red (7.5YR 5/6, 5/8) mottles; 
non-effervescent 
olive gray (5Y 6/2) silty clay loam; 
yellowish red {7.5YR 5/6, 5/8) mottles; 
non-effervescent 
light olive gray (2.5Y 6/2) loam; dark 
accumulation of Mn-oxides at 1100 cm; non-
effervescent 
(color as above) light silt loam; 
grayish brown (2.5Y 5/2) silty clay; 
yellowish brown (lOYR 5/6) loam to silty 
clay loaia; 
yellowish brown (lOYR 5/6) medium silty 
clay loam; 
yellowish brown (lOYR 5/6) light silty 
clay loam; till-like materials but no >2 
mm; 
yellowish brown (lOYR 5/6) medium silty 
clay loam; 
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1402-1433 lOUU 
1433-1463 IIUU 
1463-1494 IIUU 
1494-1524 IIUU 
dark greenish gray and dark gray (5BG 4/1 
& 5y 4/1) medium silty clay loam; slightly 
effervescent; 
dark gray {5Y 4/1) light silty clay loam; 
few snail shells; slightly effervescent 
(color as above) light silty clay loam; 
slightly effervescent 
(color as above) heavy loam; slightly 
effervescent 
1524-1554 IIUU 
1554-1646 12UU 
1646-1676 12UU 
(color as above) loam; slightly 
effervescent 
(color as above) silty clay loam; slightly 
effervescent 
(color as above) silty clay loam; slightly 
effervescent; 
1676-1707 12UU (color as above) loam; slightly 
effervescent 
1707-1738 13UU 
1738-1768 13UU 
1768-1798 13UU 
1798-1829 13UU 
1829-1890 14UL 
1890-1920 14UL 
1920-1951 14UL 
1951-2012 14UL 
(color as above) silty clay loam; 
moderately effervescent 
(color as above) silt loam; moderately 
effervescent 
(color as above) silt loam; moderately 
effervescent 
(color as above) sandy loam to loam; 
moderately effervescent 
(color as above) loam; non-effervescent 
(color as above) loam but in part sandy; 
non-effervescent; 
(color as above) sandy loam; non-
effervescent 
(color as above) silt loam; non-
effervescent 
347 
2012-2073 14UL (color as above) silty clay loam; non-
effeirvescent 
2073-2165 15UL very dark gray (N 3/0) loam; non-
effervescent; till-like sediments; 
2165-2195 15UL color as above (N 3/0) coarse loam; non-
effervescent; till-like sediments; 
Macromorphological characteristics and descriptions 
of paleosols and weathering zones in Site 4 
Horizon Depth Color Texture Structure Mottles & Oxides comments 
w. zone (cm) 
Basal Loess paleosol (sllty clay loam) 
2Ab 204-226 2.5Y6/2 sicl 2f->msbk dp 7.5YR 5/6 
Late-Sangamon paleosol In sllty sediment (sllty clay loam) 
3BEb 226-268 10YR6/2&5/6 sicl 2f->msbk 
3Bb 268-280 10YR 5/4 8.6/2 sicl 2 m sbk f1 d 10YR5/6 
coating of 2.5Y 8/2 
high siit zone 
Late-Sangamon paleosol In till-derlved pedlsediment (clay loam to sllty clay loam) 
4Bgb 280-311 10YR 5/6 & 6/2 
4Bab 
4Bgb 
4Bgb 
5Btb 
5Btb 
5Btb 
5Btb 
5Btb 
311-332 
332-363 
363-396 
396^11 
411-433 
433-482 
482-497 
497-512 
10YR 6/2 
10YR6/2&5/6 
10YR 6/2 & 5/6 
10YR6/2 8i5/6 
10YR6/24 5/6 
10YR 5/6 & 6/2 
10YR5/6&6/2 
10YR6/2 8i5/6 
cl 
cl 
cl 
cl 
sic! 
sic! 
sicl 
sic! 
sicl 
2fsbk 
2fsbk 
2fsbk 
2fsbk 
2 m pr -> 2 m sbk 
2 f ->tii sbk 
2 f ->m sbk 
2 f ->m sbk 
2 f ->m sbk 
cl d 
f1 d 
m 1 p 
m 1 p 
o l d  
m 1 p 
c1 d 
m 1 p 
c 1 d 
m 2 d  
m 2 p  
c 2 p  
c 2 p  
c 2 p  
7.5YR 5/6 oxides 
7.5YR 4/4 
10YR 3/1 Mn-ox 
10YR3/1 Mn-ox 
7.5YR 5/6 oxides 
10YR 3/1 Mn-ox 
7.5YR 5/6 oxides 
10YR 3/1 Mn-ox 
7.5YR 5/6 oxides 
10YR 5/6 Fe-ox 
2.5Y 6/2 mottles 
2.5Y 6/2 mottles 
7.5YR 5/8 Fe-ox 
10YR3A2 
7.5YR 4/4 
7.5YR 5/6 
more prominant Mn-ox 
continued. 
Horizon Depth Color Texturo Structure Mottles & Oxides comments 
w. zone (cm) 
Pre-Late-Sangamon paleosol In tlll-derived pedisediment (clay loam to loam) 
6Ab 512-530 2.5Y7/2 cl 2 f ->m sbk f i d  2.5Y4/2 2.5Y 4/2 coals of ped faces 
6Btb1 530-555 2.5Y 5/2 cl 2 f ->m sbk c 2 p  10YR5/6 dark gray 10YR 4/1 clay liim 
6Btb2 555-579 2.5Y7/2& 2.5Y6/2 cl 2 f ->m sbk c 2 p  10YR 5/6 
f1 d 2.5Y 6/2 
6Blb3 579-604 2.5Y 5/6 & 5/2 cl 2 f ->m sbk f l p  7.5YR 4/4 
6BCb 604-655 10YR 6/6 & 7/2 cl massive f l p  2.5Y6/8 
6M0L 655-668 10YR 6/6 !-> si massive f i d  10YR 7/2 mottles increase in >2mm content & stratified 
f 2 p  3N/D Mn-ox 
6MOL 668-710 10YR 6/6 8.6/3 1 -> si! massive f1 d 10YR7/2 stratified 
unit 7 (stratified & high silt fining upward) 
70L 710-732 10YR6/6&6/3 sici massive stratified and liigh silt zone 
70L 732-753 10YR 6/6 &2.5Y 6/4,7/2 c-> cl massive 
7MOL 753-771 10YR 6/6 si massive f1 d 10YR6/4 
f1 p lOYR 5/8 
7MOL 771-786 10YR 6/6 & 2.5Y 6/4 si —> gsl massive l i d  10YR 6/6 
7&8MOL 786-838 10YR6/4 si -> sicI massive c 2 p  10YR3/1 no>2mm & stratified 
unit 8 (stratified & fining upward) • f 
OOL 838-914 10yR5/6 sicI massive 
80L 914-991 10YR 5/6 si massive many Mn-ox & sharp boundry & slralified 
continued. 
Horizon Depth Color Texture Structure Mottfes & Oxides comments 
w. zone (cm) 
(stratified with poorly sorted sand) 
eWDL 991-1036 2.5Y5/2 sicl massive 7.5YR 5/6, 5/8 
8MDL 1036-1067 5Y6/2 Sid massive 7.5YR 5/6,5/8 
8DL 1067-1113 2.5Y6/2 1 massive accum. of Mn-ox at 1100 cm 
unit 9 (stratified with high silt zone) 
9DL 1113-1117 2.5Y6/2 si! massive 
9MDL 1117-1219 2.5Y5/2 sic massive f 1 d  S Y R  4 / 6  
SDL 1219-1250 10YR5/2 1 -> sicl massive 
unit 10 (uniform tiii-iike with high silt) 
100L 1250-1311 10YR5/6 sicl massive 
100L 1311-1372 10YR5/6 sicl massive tiii-iike but no >2mm 
100L 1372-1402 10YR5/6 sicl massive 
10UU 1402-1433 5GB 4/1 & 5Y 4/1 sic! massive 
unit 11 (stratified with poorly sorted sand) 
11UU 1433-1463 5Y4/1 sicl massive 
11UU 1463-1494 5Y4/1 1 massive few snail shells 
11UU 1494-1524 5Y4/1 1 massive 
I 
11UU 1524-1554 5Y4/1 1 massive 
continued. 
Horizon Depth Color Texture Structure Mottles & Oxides comments 
w. zone (cm) 
unit 12 (high silt zone & fining upward) 
12UU 1554-1646 5Y4/1 sicI massive 
12UU 1646-1676 5Y 4/1 sicl massive 
12UU 
unit 13 
13UU 
1676-1707 5Y 4/1 1 
(stratlted & fining upward & high silt) 
1707-1738 5Y 4/1 sici 
massive 
massive 
13UU 1738-1768 5Y 4/1 sici massive 
13UU 1768-1798 5Y 4/1 sii massive 
13UU 1798-1829 5Y 4/1 
unit 14 (stratified with poorly sorted sand) 
14UL 1829-1890 5Y 4/1 
1 —> si 
1 
massive 
massive 
14UL 1890-1920 5Y4/1 1 massive 
14UL 1920-1961 5Y 4/1 si massive 
14UL 1951-2012 5Y 4/1 sit massive 
14UL 2012-2073 
unit 15 (tlll-lll<e) 
15UL 2073-2165 
5Y 4/1 
N3/0 
sil 
1 
massive 
massive 
15UL 2165-2195 N3/0 1 massive 
uniform & non-calcareous 
uniform & non-calcareous 
Macromorphological characteristics and descriptions of the paleosols and 
the weathering zones in Site 5 
Hon'zon Depth Color Texture Struct. Mottles & Oxides Comments 
(cm) 
Basal loess paleosol 
2Ab 216-229 2.5YR5/6 sicl 1 f Pr c2 d 7.5YR 5/6.5/8 
Late-Sangamon paleosol in silty sediment (silty clay loam) 
3EBb1 229-238 2.5YR 5/2 sicl 1 f Pr c 2 d 7.5YR 5/6,5/8 few 10YR 4/1 coats 
3BEb2 238-287 10YR 5/6 & 6/2 sicl 2 m PI f 2 d 7.5YR 4/4 Fe-ox -
Late-Sangamon paleosol in silty sediment (clay loam) 
4Btb 287-311 10YR 5/6 & 6/2 ci 2 fsbk f 2 d 7.SYR 4/6 Fe-ox 
4Btb 311-329 10YR 5/6 & 6/2 0 2 fsbk c 2 d 7.5YR 4/6 Fe-ox 10YR 3/1 Mn-ox & clay film 
4Btb 329-360 10YR 5/6 & 5YR 4/6 c 2 fsbk m 2 d 10YR 3/1 Mn-ox many 10YR 4/1 conc. & clay film 
4Btb 360-375 10YR 5/6 & SYR 4/6 c 2 fsbk c 2 d SYR 3/0 Mn-ox 
4Btb 375-399 2.5Y 6/2 ci 2 fsbk c 2 d  7.5YR 5/6 Fe-ox c 2 d 10YR 3/1 Mn-ox 
4Btb 399-408 10YR 5/6 & 
2.5Y 6/2 
ci 2 fsbk c 1 d 7.5YR 5/6 Fe-ox 
4Btb2 408-429 2.5Y 6/2 cl 3 m abk o l d  5YR 4/6 Fe-ox 
4Btb2 429-466 2.5Y 6/2 cl 3 m abk m 2 d 10YR 3/1 Mn-ox SYR 5/6 Fe-ox & 5/1 coats 
4BCb1 466-509 10YR 5/6 cl 3 m abk c 2 d 2.5YR 6/2 Fe-ox 
4BCb2 509-539 10YR 5/6 & 5/2 cl 2 m sbk 0 2 d 7.5YR 5/4 Fe-ox c m d 3/2 Mn-ox 
continued 
Horizon Depth Color Texture Struct. Mottles & Oxides Comments 
(cm) 
Pre-Late-Sangamon paleosol In stratified fining upward 
5Ab 539-543 10YR 3/1 & 5/6 cl 2 m sbk 
till-derived sediment (clay loam to loam to sandy loam ) 
5Btb 543-558 10YR 5/6 & 6/3 & 6/2 cl 3 m abk f 2 d  10YR 3/1 Mn-ox 7.5YR3/3 Fe-Mn-ox 
5Btb 558-582 10YR 5/6 & 2.5Y 7/2 1 3 m abk o l d  7.5YR 3/2 Mn-ox few clay film 
5Btb 582-600 2.5Y 7/2 & 2.5Y 6/3 1 2 m sbk c 2 d  7.SYR 5/8 higher sand content 
5M0L 600-628 10YR 5/6 & 2.5Y 7/2 sl massive c 2 d  7.5YR 5/8 Fe-ox 
5M0L 628-646 10YR 5/6 & 7.5YR 5/8 sl massive c 1 d 2.5Y 7/2 mottles 
5M0L 646-658 10YR 6/4 sl massive o l d  2.5Y 7/2 mottles 
SOL 658-677 7.5YR 5/8 sl massive 
Stratified loamy sediment 
6M0L 677-701 10YR 6/4 & 2.5YR 6/6 1 massive c 1 d 10YR 3/1 Mn-ox 7.5YR5/6 Fe-ox 
60L 701-710 10YR 6/4 & 2.5YR 6/6 1 massive 
stratified alluvium and/or eolian sediment (silt loam & silty clay loam) 
70L 710-725 10YR 5/6 & sil massive 
2.5Y 6/6, 7/2 
70L 725-738 10YR 5/6 sil massive few streaks of 10YR8/1 
continued 
Horizon 
(cm) 
Depth Color Texture Struct. Mottles & Oxides Comments 
70L 738-762 10YR 5/6 sic! massive few streaks of 10YR 8/1 
7MOL 762-796 10YR 5/6 & 6/6 sic massive f 1 d 2.5Y6/4 few streaks of 10YR 8/1 
7M0L 796-814 10YR 5/6 & 
2.5Y 6/2 
sil massive c 1 d 5/8 & 6/4 Fe-ox few 10YR 4/1 clay film 
7RL 814-863 2.5Y 6/2 . 6/4 si! massive 
7DL 
(7Ab?) 
863-878 2.5Y 6/4 sil massive 2.5Y4/2 coats , few roots & 2/1 channel fills 
I 
Macroiuorphological characteristics and descriptions 
of paleosols and v;eathering zones in Site 6 
Horhon Dopth Color Toxturo Structuro Mottlos & Oxides comments 
w. 2ono (cm) 
Basal Loess (silly clay loam) 
2Ab 210-229 10YR 5/6 & 6/2 
Late-Sanyatnon paleosol in silly sediment 
3iZBbl 229-244 10YR5/4&6/2 
3EBb2 244-2Ca 10YR 5/4 & 5/6 & 6/2 
3BE 268-203 10YR6/4 & 2.5Y6/4 
3Q(bl 283-209 10YR 6/4 4 5/4 
3Blb21 209-305 10YR 6/4 & 6/2 
3Dtb22 30S-3U1 2.5Y 6/2 
Late-Suno;imon paleosol (loamy pediscdiment) 
4BCIb11 301 -408 2.5Y 6/2 & 10YR S/6 
4BClb12 408-440 2.5Y 6/2 & 7.5YR 5/8 
l.atc-Sai\oaiiion paluosol (clayey sediment) 
5BCll)3 440-472 2.5Y 6/2 i 7.5YR 5/8 
5M01. 
5M0L 
472-407 
497-Sin 
2.5Y5/4i6/2 
2.5Y G/G «. S/6 & 7/2 
sicl 
sici 
sicl 
sic 
massivo 
pl&2fsbl< 
pl&2rsbk 
2 fsbk 
2 fsbk 
2 Isbk 
3»Pr->2 fsbk 
f 1 d 7.5YR 5/6 Fa-ox 
c 1 d 10YR3/1 Mn-ox 
c 2 f 2.5Y 6/2 & 7.5YR 5/6 
c » p  2 . 5 Y 6 / 2 4 f  t  p 5 Y 5 / 6  
c 2 p SYR 5/6 Fo-ox 
c 2 p 7.5YR 5/6 
3fP/--->2 fsbk c2p 7.5YR5/6 
2 m Pr--> 2 m sbk c 1 d 7.5YR 4/4 
2 m Pf-> 2 m sbk c1 d 7.5YR 4/4 
niDssivo c2p 10YR 3/1 
few 10YR 6/1 coals 
common 7/1 coals 
many Mn-oxidos (10YR3/1 black) 
massivo f i d  1 0 Y R  3 / 1  M n - o x  
10YR 5/1 coats & clay film 
10YR 5/1 coats & clay Aim 
common Mn-ox 
disconlinuoiis 10YR 6/1 coats 
continued 
Horizon Dopth Color Toxluro Structure Moltlos & Oxidos common ts 
w. zona <cni) 
Slralifled Clayey Alluvium (silly clay lo clay) 
6BIIJ? 518-5^8 10YR 5/S i 2.5Y 6/2 
6M0L 
6M0L 
6M0L 
6MDL 
6M0L 
GMOL 
6MOL 
6M0L 
6M0L 
546-570 
570-627 
627-600 
080-606 
6BG-707 
707-725 
725-765 
765-002 
802-832 
10YR 5/6 & 2.5Y 6/2 
2.5Y 5/4 & 6/2 
2 SY 6/4 
2.5Y 6/2 a. 7/2 
10YR 5/612.5Y 6/2 
10YR5/6i2.5Y6/2 
10YR 5/G & 2.5Y 6/4 
2.5Y 6/4 
2.5Y6/4& 4/1 
7MDL 
7UU 
90b-QB6 
966-975 
2.5Y 5/2 
5Y4/1 
sic 
sic 
sic 
sic 
sic 
sic 
GMOL 832-075 2.5Y5/4 
Fining upward Clayey Alluvium (sIKy clay to clay) 
7MOL 875-905 2.5Y 5/4 
2fshl< 
masslvo 
massive 
massive 
massive 
massive 
massive 
massive 
masslvo 
masslvo 
massive 
masslvo 
masslvo 
3fsbk 
11 d 10YR 3/1 Mn-ox 
0 1 f 2.5Y 7/2 & 7.5YR 5/6 
c 1 d 10YR 5/6 
c m d 7.5YR 5/6-5/8 
f 1 p 7.5YR 5/6 
f l p  1 0 Y R 5 / 6  
c 2 p  1 0 Y R 5 / 6  
f l p  7 . 5 Y R S / e A  1 0 Y R e / l  
f l p  7 . 5 Y R 5 / 6 & 1 0 Y R G / 1  
slickonsldes & disconl. clay film 
siickonsides & discont. clay film 
7.5YR 5/6-5/8 
few fine 10YR 5/1 clay film 
fowTino 10YR 5/1 clay niiii 
fowfine 10YR5/I clay film 
fow fino 10YR 5/1 clay film 
00 
tn 
a> 
slickonsldos & contl. clay flim 
continued 
Horizon Depth Color T'jxtura Struotura Mottlos & Oxides comments 
w. zona (cm) 
7MUU 975-10C7 NS/0 c 3fsl)k c 1 p bY 4/4 
7UU 1067-1158 N5,'0 c 2 m pr 
7UU 1158-1493 N 4/0 
Clayey alluvium (alKy clay lo clay with 40% fine clay) 
8MUU 1493-1524 5Y4/1 
c 
c 
mussivo 
massive c 2 p  5Y6/4 
BMUU 1524-1554 N4/0 sicI massivo c 2 p  5Y4/1 
OMUU 1554-1680 5Y4/1 sicI massive o l d  5Y 4/3 
SIr.-ililied Loamy Sediment 
9UL 1600-1707 
9UL 1707-1798 
(loam to sandy loam) 
SY4/1 
5Y4/1 
1 
1 
massive 
massive 
subangular & moderately soiled 
gravel & sand (local alluvium?) 
9UL 1798-1829 5Y 4/1 si massive 
Till-Like sediment (Loam 
lOUL 1829-1951 5Y4/1 
Mixed Till-lil<c and Shale (silt loam) 
1951-2012 5Y4/1 
1 
sil 
massive 
massive 
angular to subangular & poorly sorted 
gravel & sand (till) 
Shale (silly clay Inain) 
boUiock 2012-2042 5Y4/1 sicI massive 1 
Macromorphological characteristics 
of paleosols and weathering zones in 
and descriptions 
Site 7 
Horizon Depth Color Text. Structure Mottles & Oxides comments 
w. zone (cm) 
Basal Loess (sllty clay loam) 
2MDL 103-195 10YR 6/2 8.5/6 sic! massive dp 7.5YR 6/1 
Late-Sangamon paleosol In sllty sediment (sllty clay loam to silt loam) 
3Ab1 195-216 10YR 6/2 & 5/6 sici pi -> 2 f sbk f l p  7.5YR 5/6 & 7.5YR 3/2 
3Eb 216-268 I6YR5/6 sic! 2 m pr -> 2 f sbk c 1p 7.5YR5/6 8.7.5YR3/2 • 
3BE 268-284 10YR 6/1 sil 2 m pr -> 2 f sbk c2 p 2.5YR 6/2 & 7.5YR 5/6 10YR 5/1 clay film 
Late-Sangamon paleosol In clay loam to loamy pedlsedlment (clay loam to loam) 
4Blb1 284-323 10YR6/1 c 2 m pr -> 2 f sbk f l p  10YR5/6 10YR 7/3 coats & Mn-ox accum. at 318-323 cm 
c 1 p 5Y4/4 
4Blb2 323-366 10YR 5/6 c 2 m pr -> 2 f sbk dp 7.5YR 5/8 more prominant mottles w/depth 
c 1 p 7.5YR 4/6 10YR5/1 clay film 
4BCt 366-405 10YR5/6 cl 2 m pr -> 2 f sbk c 2 d  7.5YR 5/6 10YR 5/1 clay film 
4BC1 405-418 2.5Y 6/2 & 10YR 5/6 cl 2 m pr -> 2 f sbk common 10YR 5/1 pore fills 
4BC2 418-436 2.5Y 5/6 & 6/2 cl 1 m pr dp 7.5YR 5/8 common 10YR 5/2 pore fills 
4M0L 436-451 7.5Y7/4&10YR6/4 1 massive f i d  7.5 YR 5/6 stratified zone 
Alluvium (clay loam to sllty clay) 
5Bb? 451-494 2:5Y 6/4 & 6/2 c 1 mpr f i d  7.5 YR 5/6 stratified 
f i d  N 3/0 Mn-ox slickenside zone 
5Bb? 494-536 2.5Y6/6&6/2 sic->c 1  m p r  d d N3/0 & SYR 5/6 oxides slickenside zone 
Macromorphological characteristics and descriptions 
• of paleosols and weathering zone in Site 8 
Horizon Dapth Color Texture Structure Mottles & Oxides comments 
w. zone (cm) 
Basal Loess (sllty clay loam) 
MDL 201-213 2.5Y6/2 
Basal Loess paleosol (silty clay loam) 
2Ab 213-229 2.5Y5/2 
sici 
sici 1 m pi 
dp 5 8.7.5YR 5/B-5/8 
Late-Sangamon paleosol In sllty sediment (sllty clay loam to silt loam) 
3Eb11 229-244 10YR 5/2 sici 1 m pi 
3Eb12 244-259 10YR5/2&5/3 sici I m p !  m 2p 10YR5/6&5/8 
3Eb21 259-280 10YR5/4 si! 1 mpl c 2 d  10YR 4/4 
3Eb22 280-293 10YR5/3 sil I m p !  f i d  10YR5/8 
Late-Sangamon paleosol In tiil-derlved loamy pedisediment (clay loam to loam) 
4BEb 293-317 10YR5/2 cl 1 m pi many 10YR 3/2 coats 
4Btb11 317-359 10YR 5/2 & 5/4 & 6/2 cl 2 m pr "> 3 f/m abk f i d  10YR 3/1 10YR 7/3 (dry) & common 10YR 4/2 coals 
4Blb12 359-402 10YR6/2 cl 2 m pr -> 3 f/m abk f 1 d  10YR 6/4 common 10YR 7/2 coats & 
common 10YR 5/1 clay films 
4Blb21 402-421 10YR6/2 cl 2 m pr -> 3 f/m abk c 2 p  7.5YR 5/6 10YR 6/1 coals & few 3/1oxides 
4Btb22 421-436 10YR6/2 cl 2 m pr -> 3 f/m abk c 2 p  7.5YR5/6 10YR 6/1 coats & conc. of Mn-ox 
4Bb11 436-472 10YR6/2 cl 2 m pr -> 2 f sbk c 2 p  7.5YR5/6 10YR 6/1 coals & many 7.5YR 5/6 Fe-ox 
4Bb12 472-515 10YR6/2&5/6 cl ->l 2 m p r  m 2d 7.5YR 5/6 & 5/4 10YR 4/2 coals 
continued 
Horizon Depth Color Toxture structure Mottles & Oxides comments 
w. zone (cm) 
Loamy alluvium 
5BCb 515-594 10YR7/2 1 2 m pr m 2 d  7 . 5 Y R 4 / 6  few 10YR 6/2 coats & high fine sand content 
5DL 594-634 2.5Y6/2&6/3 1 -> s 
Sandy alluvium (poorly sorted sand) 
60L 634-680 SYR 4/6 & 10YR 5/6 s band of 7.5YR 3/2 Mn & Fe-ox 
60L 680-716 7.5YR 5/8 s few >2mm 
6DL 716-732 10YR6/2 Is band of Mn-ox at 728 cm 
60L 732-762 SYR 4/6 s 
60L 762-736 SYR 4/6 s 
60L 735-808 10YR 6/3 s 
SOL 808-823 7.5 YR 5/6 s few >2 mm 
60L 823-853 7.5 YR 5/6 s 
Loamy sand to gravelly sand alluvium (poorly sorted sand) 
6DL 853^84 10YR 6/2 Is 
6DL 884-914 10YR4/1&5/1 Is 
60L 914-975 10YR5/6 Is 
60L 975-1036 10YR5/6 gs 
continued 
Horizon Depth Color Texture Structure Mottles & Oxides comments 
IV. zone (cm) 
Loam to sandy loam alluvium (moderately sorted sand) 
7DL 1036-1067 10YR 6/2 I 
7DL 1067-1127 
7DL 1127-1158 
7DL 1158-1250 
7DL 1250-1372 
10YR6/2 si 
10YR 5/2 si 
10YR4/1 Si 
N 4/0 si 
Loamy to gravelly loamy sand alluvium (poorly sorted sand) 
8UL 1372-1402 N 4AJ I 
8UL 1402-1433 N 4/0 s 
8UL 1433-1463 N 4/0 Is 
8UL 1463-1494 N 4/0 gis 
Mixed zone of shale & gravelly Loamy sand alluvium 
8&shale 1494-1555 N 4/0 si!-> sic! . non-calcareous 
Shale bedrock 
shale 1555-1615 N 4/0 sicl non-calcareous I 
Macromorphological characteristics and descriptions 
of paleosols and weathering zone in Site 9 
Horizon Depth Color Texture structure Mottles & Oxides comments 
w. zone (cm) 
Basal Loess (silty clay loam) 
2MDL 82-101 2.5Y6/2 sici massive f 2 p  7.5YR 5/8 Fe-ox 7.5YR 5/2 coats 
f 2 p  10YR 3/2 
Basal Loess paleosol (sllty clay loam) 
2Afa 101-113 2.5Y5/2 sic! 1 mpl 
Late-Sangamon paleosol In light loam & sandy loam sediment 
3EB 113-165 10YR 5/6 8.6/3 1 1 mpl o l d  10YR 6/2 mottles 
7.5YR 5/6 Fe-ox 
3Btb1 165-204 10YR5/4&6/3 1 1 m sbk disct. 10YR 4/3 coats & 10 YR 6/2 silt coats 
3Btb21 204-238 10YR 5/6 1 1 m pr -> 1 m sbk disct. 10YR 4/3 coals 8i 10 YR 6/2 silt coats 
3Blb22 238-296 10YR5/6&5/4 1 1 m pr -> 1 m sbk dp 2.5Y5/2 disct. 7.5YR 5/4 clay film 
Coarse alluvium (sandy loam to loamy sand) 
4Btb23 296-360 10YR 5/6 8.5/4 si 1 fnpr-> 1 msbk disci. 7.5YR 5/4 clay film & 
increase in sand content 
4B(b3 360-384 10YR5/6 8.5/4 si 1 m pr disct. 7.5YR 5/4 clay film 
4BCb 384-412 10YR 5/6 Is 1 m pr -> sg c 2 p  10YR 7/2 mottles 
40L 412-448 10YR 5/6 8.6/4 Is sg 10YR 7/2 streaks 
4DL 448-497 10YR6/2 8.5/6 si sg 
4DL 497-515 10YR6/2 8.5/6 Is sg 
4M0L 515-546 10YR6/3 is sg f 2 d  10YR 6/6 Fe-ox 8.3/1 Mn-ox 
5M0L 546-561 10YR5/6 8.6/4 Is sg m 2 d  10YR 4/6 Fe-ox common 10YR 7/2 streaks 
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APPENDIX B: 
PARTICLE SIZE DISTRIBUTIONS AND pH DATA 
354 
Site 0 
Sample Depth Depth pH , Sand Co.Si F.Si Clay Rne day FC/TC C.Si/F.Si 
(cm) (inch) % ratio ratio 
55373  8 3 .0  5 .7  4 .6  27 .3  40 .5  27 .6  15 .1  0 .55  0 .67  
55374  20 8 .0  5 .6  4 .2  27 .0  40 .1  28 .7  15 .9 - 0 .55  0 .67  
55375  32 12 .5  5 .4  4 .1  25 .6  39 .9  30 .4  17 .6  0 .58  0 .64  
55376  44 17 .5  5 .2  3 .9  22 .1  38 .3  35 .8  20 .7  0 .58  0 .58  
55377  56 22 .0  5 .2  3 .9  21 .1  37 .6  37 .4  22 .5  0 .60  0 .56  
55378  69 27 .0  5 .3  3 .6  17 .1  38 41 .3  25 .7  0 .62  0 .45  
55402  84 33 .0  6 .1  2 .1  17 .0  33 .5  47 .4  28 .4  0 .60  0 .51  
55403  99 39 .0  5 .7  1 .7  16 .8  33 .9  47 .5  27 .9  0 .59  0 .50  
55404  114 45 .0  6 .2  3 .1  18 .6  36 .8  41 .6  22 .0  0 .53  0 .51  
55405  130 51 .0  6 .2  1 .6  22 .7  36 .5  39 .2  20 .3  0 .52  0 .62  
55406  145 57 .0  6 .4  1 .2  26 .3  36 .8  35 .6  18 .0  0 .51  0 .71  
55379  168 66 .0  6 .0  1 .3  25 .9  40 .6  32 .2  16 .0  0 .50  0 .64  
55381  198 78 .0  5 .9  1 .8  24 .8  43 .6  29 .9  16 .0  0 .53  0 .57  
55382  229  90 .0  6 .0  1 .4  28 .9  42 .4  27 .3  16 .1  0 .59  0 .68  
55383  251  99 .0  6 .2  0 .7  25 .4  45 .7  28 .2  17 .7  0 .63  0 .56  
55384  265  104 .5  6 .0  0 .7  20 .3  49 .7  29 .2  18 .3  0 .63  0 .41  
55385  276  108 .5  6 .3  8 .0  20 .0  45  26 .8  16 .0  0 .60  0 .44  
55387  290  114 .0  6 .1  3 .1  17 .9  48 .3  30 .8  19 .7  0 .64  0 .37  
55388  302  119 .0  6 .2  13 .2  17 .0  32 .1  37 .7  22 .5  0 .60  0 .53  
55389  320  126 .0  6 .2  12 .2  15 .5  28 .9  43 .4  27 .6  0 .64  0 .54  
55390  351  138 .0  5 .9  11 .8  15 .0  24 .2  49  33 .7  0 .69  0 .62  
55391  389  153 .0  5 .9  22 .4  12 .1  19 .5  46  28 .0  0 .61  0 .62  
55392  434  171 .0  5 .9  35 .3  12 .8  16  35 .9  16 .4  0 .46  0 .80  
55393  472  186 .0  6 .0  32 .9  13 .8  18 .2  35 .1  18 .5  0 .53  0 .76  
55394  503  198 .0  6 .0  41 .1  13 .9  18 .2  26 .9  9 .6  0 .36  0 .76  
55395  541  213 .0  6 .1  45 .4  14 .8  18 .5  21 .3  7 .3  0 .34  0 .80  
55396  587  231 .0  6 .0  45 .9  13 .9  18 .3  21 .9  6 .9  0 .32  0 .76  
55397  640  252 .0  6 .0  45 .0  12 .2  18 .7  24 .1  6 .2  0 .26  0 .65  
55398  701 276 .0  6 .3  33 .9  10 .8  21 .6  33 .7  9 .3  0 .28  0 .50  
55399  747  294 .0  7 .3  32 .6  13 .1  22 .7  31 .6  6 .1  0 .19  0 .58  
55401  792  312 .0  8 .1  36 .6  13 .3  21 .3  28 .8  4 .5  0 .16  0 .62  
365 
> Site 1 
Sample Depth Depth pH Sand Co.Si F.Si Clay Fine day Fcn-c C.Si/F.Si 
(cm) (inch) % ~~~~ ratio ratio 
53573  222  87 .5  6 .3  3 .1  20 .2  46 .9  29 .8  13 .3 - 0 .45  0 .43  
53574  229  90 .3  6 .3  19 .1  18 .6  40 .5  21 .8  7 .4  0 .34  0 .46  
53575  243  95 .8  6 .3  20 .8  16 .7  41 .6  20 .9  6 .2  0 .30  0 .40  
53576  257  101.3 6 .4  35 .1  16 .6  34 .4  13 .9  3 .6  0 .26  0 .48  
53577  281  110 .5  6 .3  36 .2  15 .8  29 .6  18 .4  5 .8  0 .32  0 .53  
53578  303  119 .3  6 .2  33 .8  12 .7  22 .6  30 .9  13 .9  0 .45  0 .56  
53579  314 123 .8  6 .2  28 .1  9 .5  19 .3  43 .1  23 .5  0 .54  0 .49  
53581  329  129 .5  6 .1  22 .6  4 .5  13 .2  59 .7  36 .4  0 .61  0 .34  
53582  347  136 .5  6 .1  25 .0  6 .9  13 .1  55  nd nd 0 .53  
53583  364  143 .3  6 .1  29 .5  6 .3  14 .9  49 .3  30 .6  0 .62  0 .42  
53584  380  149 .5  6 .0  35 .3  8 .0  16 .8  39 .9  nd nd 0 .48  
Site 2 
Sample Depth Depth pH Sand Co.Si F.Si Clay Fine day ?cnc C.Si/F.Si 
(cm) (Inch) % 
— 
— ratio ratio 
55585  94  37 .0  5 .3  2 .4  22 .0  36 .4  39 .2  21 .9  0 .56  0 .60  
55586  105 41 .5  5 .4  2 .0  20 .2  36  41 .8  24 .8  0 .59  0 .56  
55587  117 46 .0  5 .5  2 .4  19 .7  42 .5  35 .4  18 .3  0 .52  0 .46  
55588  127 51 .0  5 .8  2 .1  16 .4  48 .7  32 .8  15 .8  0 .48  0 .34  
55589  140 55 .0  5 .9  16 .1  14 .7  43 .3  25 .9  11.2 0 .43  0 .34  
55590  155  61 .0  5 .9  19 .9  14 .9  39 .5  25 .7  7 .4  0 .29  0 .38  
55591  169 66 .5  6 .0  36 .7  14 .7  27  21 .6  11.8 0 .54  0 .54  
55592  179 70 .5  6 .0  28 .4  10 .3  21 .8  39 .5  15 .8  0 .40  0 .47  
55593  191 75 .0  6 .0  23 .3  7 .3  17 .1  52 .3  26 .8  0 .51  0 .43  
55594  206  81 .0  6 .2  37 .0  12 .5  11.9 38 .6  31 .5  0 .82  1 .05  
55595  220  86 .5  6 .3  31 .0  13 .7  16 .8  38 .5  21 .1  0 .55  0 .82  
55596  232  91 .5  6 .4  30 .1  10 .8  17 .4  41 .7  nd nd 0 .62  
366 
Site 3 
Sample Depth Depth pH . Sand Co.Si F.Si Clay Fine day FC/TC C.Si/F.SI 
(cm) (inch) % ratio ratio 
53597  191 75 .0  6 .0  7 .2  19 .0  43 .2  30 .6  17 .6  0 .58  0 .44  
53598  206  81 .0  6 .0  20 .3  16 .2  38  25 .5  13 .3 "  0 .52  0 .43  
53599  224  88 .0  6 .0  25 .3  16 .9  29 .9  27 .9  12 .7  0 .46  0 .57  
53601  241  95 .0  6 .0  24 .6  16 .8  28 .6  30  nd  nd  0 .59  
53602  258  101.5 5 .8  26 .7  14 .3  21 .1  37 .9  23 .8  0 .63  0 .68  
53603  282  111.0 5 .8  29 .3  15 .7  19 .9  35 .1  23 .4  0 .67  0 .79  
53604  301 118.5 5 .8  27 .5  14 .6  21 .1  36 .8  24 .6  0 .67  0 .69  
53605  320  126 .0  5 .8  30 .3  14 .1  19  36 .6  25 .6  0 .70  0 .74  
53606  343  135 .0  5 .8  26 .6  15 .2  20 .3  37 .9  23 .8  0 .63  0 .75  
53607  368  145 .0  5 .8  30 .4  14 .2  16 .5  38 .9  29 -1  0 -75  0 .86  
53608  389  153 .0  5 .9  31 .8  14 .1  17  37 .1  33 .6  0 .91  0 .83  
53609  404  159 .0  5 .9  32 .4  14 .4  17 .3  35 .9  25 .0  0 .70  0 .83  
53610  422  166 .0  5 .9  31 .9  16 .5  18 .8  32 .8  24 .4  0 .74  0 .88  
53611  445  175 .0  6 .0  33 .0  16 .5  19 .7  30 .8  22 .2  0 .72  0 .84  
53612  470  185 .0  6 .0  26 .9  19 .8  21 .6  31 .7  21 .4  0 .67  0 -92  
367 
Saaple Depth 
(cm) 
Depth 
(inch) 
PB , Sand 
Site 4 
Co.Si Fx. Si 
% 
Total 
clay 
Fine 
clay 
F.C/T.C 
ratio 
C.Si/F.! 
ratio 
53546 207 82 6.1 3.2 23.3 44.4 29.1 18.1 0.62 0.52 
53547 218 86 6 9.3 22.3 39-2 29.2 19.5 0.67 0.57 
53546 236 93 6 19.5 20.4 31-3 28.8 21.4 0.74 0.65 
53549 257 101 5.9 23,9 19.3 25-5 31.3 23.3 0.74 0.76 
53550 273 107 5.9 25.8 17,6 23.1 33.5 27.5 0.82 0.76 
53551 288 113 5.8 26,8 17.8 22-5 32-9 25.4 0.77 0.79 
53552 305 120 5.8 26,7 19,4 22-8 31.1 17.6 0.57 0.85 
53553 323 127 5.8 23 17.5 22.6 36.9 28.1 0.76 0.77 
53554 343 135 5.9 27,6 14.7 19-1 38.6 28.6 0.74 0-77 
53555 378 149 5.8 24,8 14,9 18.6 41.7 29.9 0.72 0,80 
53556 423 167 5.9 17 19.1 25-7 38.2 26.1 0.68 0.74 
53557 458 180 5.9 18,6 21,3 25-1 35 23.7 0.68 0,85 
53558 490 193 5.9 15,8 18,7 29.4 36.1 23.9 0.66 0.64 
53559 505 199 6 18.6 16.5 26.9 38 26.1 0.69 0.61 
53561 522 206 6 21.1 17.8 25.1 36 24.6 0.68 0.71 
53562 544 214 6 34 19.1 18.8 28.1 19.1 0.68 1.02 
53563 572 225 6 26,4 21 22 30.6 21.7 0.71 0.95 
53564 592 233 6 23.8 22.2 25.8 28.2 nd nd 0.86 
53565 662 261 6 58-7 10.9 10.4 20 14.5 0.73 1.05 
53566 677 267 6 28 27.8 20.4 23.8 15.5 0.65 1.36 
53567 721 284 6 14.7 21.9 30.9 32.5 21.1 0.65 0.71 
53568 737 290 5.9 4.1 8.6 34 53.3 24.7 0.46 0.25 
53569 747 294 6 24-6 13-2 27.8 34.4 21.8 0.63 0.47 
53570 761 300 6 76.7 3-2 4.9 15-2 11.5 0.76 0.65 
53571 773 304 6.1 69.3 10 6.6 14-1 10.9 0.78 1.52 
53572 781 307 6.4 83.7 5 3.4 7.9 1.47 
55299 800 315 6 34,6 26.9 19.4 19.1 1.39 
55301 876 345 6 8.6 20-5 32.3 38.6 0.63 
55302 930 366 6 69 12-9 6.5 11.6 1.98 
55303 1002 394 6.1 12.8 25 30.1 32.1 0.83 
55304 1072 422 6.3 13,8 27 30.2 29 0.89 
55305 1128 444 6.1 4.7 26.7 35.3 33.3 0.76 
55306 1181 465 6.6 4.6 15.7 36.7 43 0.43 
55307 1234 486 6.5 23.6 29-6 22 24,8 1.35 
55308 1265 498 6.6 11.6 18.2 32,8 37.3 0.55 
55309 1295 510 6.4 12.3 18.9 32.1 36.7 0.59 
55310 1326 522 7.1 14.3 20.8 33.1 31.9 0.63 
55312 1356 534 7.4 15 20-8 33.5 30.7 0.62 
368 
Sample Depth 
(cm) 
Depth 
Onch) 
pH  > Sand 
Site 4 
Co.Si F.Si 
% 
Clay Fine day Fcnrc 
ratio 
C.Si/F.Si 
ratio 
55310 1326  522 .0  7 .1  14 .3  20 .8  33 .1  31 .9  0 .63  
55311  1356  534 .0  7 .4  15 .0  20 .8  33 .5  30 .7  0 .62  
55312  1387 546 .0  7 .5  4 .5  19 ,5  39 .8  36 .2  0 .49  
55313 1417 558 .0  7 .4  1 .9  22 .2  40 .4  35 .6  0 .55  
55314  1448 570 .0  7 .6  4 .5  5 .0  57 .2  33 .3  0 .09  
55315  1478 582 .0  7 .4  29 .5  18 .9  25  26 .7  0 .76  
55316  1509 594 .0  7 .5  37 .8  23 .0  12 .7  26 .5  1 .81  
55317  1539  606 .0  7 .4  40 .0  24 .4  17 .3  18 .3  1 .41  
55318 1570  618 .0  7 .3  12 .8  28 .8  32 .8  25 .7  0 .88  
55319 1600 630 .0  7 .4  12 -3  25 .8  33 .9  28  0 .76  
55321  1631 642 .0  7 .6  5 .9  34 .4  34  25 .7  1 .01  
55322  1661 654 .0  7 .8  25 .8  30 .6  23 .1  20 .5  1 .32  
55323  1692 666 .0  7 .7  42 .0  27 .4  14 .3  16 .3  1 .92  
55324  1722 678 .0  7 .8  17 .2  25 .6  30  27 .1  0 .85  
55325  1753  690 .0  7 .8  20 .9  31 .1  28  19 .9  1 .11  
55326  1783 702 .0  7 .8  19 .7  31 .8  25 .8  22 .7  1 .23  
55327  1814 714 .0  7 .8  53 .5  17 .4  12 .8  16 .4  1 .36  
55328  1848 727 .5  6 .6  50 .2  18 .0  14 .6  17 .2  1 .23  
55329  1878 739 .5  6 .7  52 .2  16 .9  14 .5  16 .3  1 .17  
55330  1905 750 .0  7 .1  28 .7  21 .0  26 .2  24 .1  0 .80  
55331  1935  762 .0  7 .1  61 .4  17 .0  9 .4  12 .1  1 .81  
55332  1966  774 .0  6 .7  18 .1  30 .3  27 .7  23 .9  1 .09  
55333  1996  786 .0  6 .7  18 .7  27 .5  27 .6  26 .2  1 .00  
55334  2027  798 .0  7 .0  14 .1  24 .1  32 .7  29 .1  0 .74  
55335  2057  810 .0  6 .4  18 .1  25 .1  29 .5  26 .7  0 .85  
55336  2088  822 .0  6 .4  28 .9  23 .7  25 .2  22 .2  0 .94  
55337  2118 834 .0  6 .4  30 -8  23 .7  23 .3  22 .2  1 .02  
55338  2149 846 .0  6 .4  29 .5  22 .6  23 .2  24 .7  0 .97  
55339  2179  858 .0  6 .4  40 .1  20 .2  18 .8  20 .8  1 -07  
369 
Site 5 
Sample Depth Depth pH > Sand Co.Si F.Si Clay Rne clay FCVTC C.SI/F.SI 
(cm) (inch) % ratio ratio 
53461  222  87 .5  6 .7  to
 
•
 23 .4  44 .8  29 .7  11.3 0 .38  0 .52  
53462  234  92 .0  6 .3  6 .8  18 .8  42 .5  31 .9  12 .4 "  0 .39  0 .44  
53463  250  98 .5  6 .2  15 .5  18 .7  35 .4  30 .4  14 .0  0 .46  0 .53  
53464  274  108 .0  6 .1  16 .5  17 .4  31 .9  34 .2  17 .9  0 .52  0 .55  
53465  298  117 .5  6 .0  18 .4  18 .6  24 .8  38 .2  21 .3  0 .56  0 .75  
53466  320  126 .0  5 .9  20 .0  18 .8  21  40 .2  24 .0  0 .60  0 .90  
53467  344  135 .5  5 .9  21 .5  13 .2  19  46 .3  26 .0  0 .56  0 .69  
53468  367  144 .5  5 .8  20 .6  14 .8  20 .1  44 .5  26 .7  0 .60  0 .74  
53469  387  152 .5  5 .9  17 .2  16 .1  20 .9  45 .8  28 .5  0 .62  0 .77  
53470  404 159 .0  5 .9  17 .8  17 .6  26 .5  38 .1  nd nd 0 .66  
53471  419 165 .0  6 .0  22 .9  19 .6  22 .2  35 .3  19 .3  0 .55  0 .88  
53472  436  171.5 6 .0  23 .5  15 .5  22 .2  38 .8  23 .9  0 .62  0 .70  
53473  488  192 .0  5 .9  15 .8  18 .8  28 .8  36 .6  18 .6  0 .51  0 .65  
53474  523  206 .0  6 .1  24 .6  21 .1  25  29 .3  16 .3  0 .56  0 .84  
53475  540  212 .5  6 .0  25 .1  19 .4  23  32 .5  18 .5  0 .57  0 .84  
53476  552  217 .5  6 .0  42 .7  18 .0  14 .7  24 .6  13 .9  0 .57  1 .22  
53477  572  225 .0  6 .1  45 .7  19 .2  14 .2  20 .9  11.9 0 .57  1 .35  
53478  592  233 .0  6 .1  48 .9  18 .8  11.8 20 .5  11.3 0 .55  1 .59  
53479  610 240 .0  6 .1  35 .0  22 .3  18 .3  24 .4  13 .1  0 .54  1 .22  
53481  636  250 .5  6 .3  60 .7  15 -0  8 .4  15 .9  9 .1  0 .57  1 .79  
53462  652  256 .5  6 .2  81 .5  3 .8  2 .8  11.9 nd nd 1 .36  
53483  667  262 .5  6 .3  76 .9  5 .5  5 .7  11.9 8 .7  0 .73  0 .96  
53484  688  271 .0  6 .1  29 .8  31 .1  19 .1  20  
o
 • 
CM 
0 .60  1 .63  
53485  706  278 .0  6 .2  45 .2  19 .8  14 .9  20 .1  11 .7  0 .58  1 .33  
53486  719 283 .0  6 .1  8 .3  28 .4  34 .2  29 .1  15 .3  0 .53  0 .83  
53487  732  288 .0  6 .0  18 .2  17 .4  29 .3  35 .1  18 .5  0 .53  0 .59  
53488  749  295 .0  6 .0  11.3 32 .3  28 .7  27 .7  16 .3  0 .59  1 .13  
53489  779  306 .5  6 .2  33 .3  27 .1  19 .7  19 .9  11.8 0 .59  1 .38  
53490  806  317 .5  6 .0  3 .8  13 .6  33 .6  49  
53491  826  325 .0  6 .2  10 .6  24 .3  35 .1  30  
53492  871  343 .0  6 .3  13 .6  26 .7  31 .2  28 .5  
370 
Site 6 
Sample Depth Oopth pH . Sand Co.Si F.Si Clay Fine clay FC/TC C.Si/F.Si 
(cm) Oneh) % ratio ratio 
53S13 220 87 6.4 7.9 18.4 45.9 27.8 12.7 0.46 0.40 
53514 236 93 6.3 15.5 20.2 42.2 22.1 14.5- 0.66 0.48 
53515 251 99 6.2 12.1 16.7 38.6 32.6 17.0 0.52 0.43 
53516 276 109 6.2 12.0 15.3 33.5 39.2 20.4 0.52 0.46 
53517 286 113 6.1 10.0 12.3 29.7 48.0 31.1 0.65 0.41 
53518 297 117 6.0 10.3 11.4 24.2 54.1 40.9 0.76 0.47 
53521 318 125 5.9 8.4 9.6 22.3 59.7 47.2 0.79 0.43 
53522 343 135 5.8 7.2 10.6 23.6 58.6 43.8 0.75 0.45 
53523 370 146 5.9 16.9 12.7 23.6 46.8 35.0 0.75 0.54 
53524 396 156 5.9 44.3 14.4 13.2 28.1 19.9 0.71 1.09 
53525 422 166 6.0 38.7 19.6 16.1 25.6 17.0 0.66 1.22 
53526 453 179 6.0 1.4 13.5 40.0 45.1 23.3 0.52 0.34 
53527 485 191 6.1 2.1 10.3 35.9 51.7 17.1 0.33 0.29 
53528 511 201 6.1 4.2 14.0 40.0 41.8 14.7 0.35 0.35 
53529 532 210 6.1 3.5 14.1 39.6 42.3 18.9 0.45 0.36 
53530 558 220 6.1 2.0 6.2 35.5 56.3 19.1 0.34 0.17 
53531 582 229 6.1 1.0 5.7 32.3 61.0 19.9 0.33 0.18 
53532 603 238 6.2 0.6 8.7 41.5 49.2 17.2 0.35 0.21 
53533 640 252 6.2 1.2 14.9 48.8 35.1 13.4 0.38 0.31 
53534 665 262 6.3 1.3 20.9 43.9 33.9 12.9 0.38 0.48 
53535 682 269 6.3 1.5 10.2 41.4 46.9 16.2 0.35 0.25 
53536 697 275 6.4 1.7 14.5 43.1 40.7 15.7 0.39 0.34 
53537 718 283 6.4 2.7 20.7 38.2 38.4 16.2 0.42 0.54 
53538 733 289 6.4 3.0 13.1 39.1 44.8 16.1 0.36 0.34 
53539 782 308 6.5 1.3 7.1 32.6 59.0 17.1 0.29 0.22 
53541 817 322 6.7 1.0 9.5 36.6 52.9 17.5 0.33 0.26 
53542 843 332 7.1 3.7 11.8 30.8 53.7 14.1 0.26 0.38 
53543 892 351 7.7 1.4 5.5 35.8 57.3 4.9 0.09 0.15 
53544 937 369 7.7 0.7 5.6 35.0 58.7 7.4 0.13 0.16 
55408 938 369 7.9 0.8 2.1 37.2 60.0 8.5 0.14 0.06 
371 
Site 6 
Sample Depth Depth pH <Sand Co.Si F.Si Clay Fine clay FC/TC C.Si/F.Si 
(cm) C>nch) % ratio ratio 
55409 968 381 
H
 • 
00 
0.7 2.0 32.4 64.9 13.5 0.21 0.06 
55410 991 390 7.9 0.3 0.0 29.2 70.5 11:4 0.16 0.00 
55411 1012 398 8.0 0.7 0.0 52.6 46.7 10.3 0.22 0.00 
55412 1020 401 8.1 0.5 0.7 28.7 70.2 9.1 0.13 0.02 
55413 1029 405 8.1 0.7 3.3 32.0 64.1 7.1 0.11 0.10 
55414 1044 411 8.1 3.6 2.3 31.2 62.9 8.4 0.13 0.07 
55415 1059 417 8.0 0.7 3.0 35.8 60.5 7.6 0.13 0.08 
55416 1082 426 8.0 0.4 1.3 32.8 65.5 9.9 0.15 0.04 
55417 1113 438 8.0 0.6 2.9 38.5 58.0 8.5 0.15 0.08 
55418 1143 450 8.0 2.4 3.8 35.2 58.6 7.5 0.13 0.11 
55419 1189 468 8.1 1.1 2.1 29.2 67.6 9.8 0.14 0.07 
55421 1265 498 7.9 0.8 3.1 27.5 68.6 11.3 0.16 0.11 
55422 1356 534 7.9 2.1 4.7 34.3 58.9 10.7 0.18 0.14 
55423 1448 570 7.9 1.0 7.8 38.8 52.4 12.1 0.23 0.20 
55424 1524 600 7.8 2.2 12.9 46.4 38.5 15.3 0.40 0.28 
55425 1580 622 7.7 0.7 14.9 41.5 42.8 17.8 0.42 0.36 
55426 1641 646 7.6 3.3 14.0 40.6 42.2 16.6 0.39 0.34 
55427 1707 672 7.6 38.3 18.5 24.9 18.2 10.5 0.58 0.74 
55428 1768 696 7.1 35.4 10.4 31.8 22.4 9.8 0.44 0.33 
55429 1814 714 7.0 59.1 11.4 18.4 11.1 6.7 0.60 0.62 
55430 1844 726 7.3 41.2 10.1 23.7 25.0 12.5 0.50 0.43 
55431 1875 738 7.2 45.0 9.4 23.5 22.1 10.9 0.49 0.40 
55432 1920 756 7.4 45.9 11.4 22.1 20.6 9.9 0.48 0.52 
55433 1981 780 7.4 12.8 20.1 43.3 23.8 5.8 0.24 0.46 
55434 2027 798 7.3 0.9 7.8 62.2 29.1 7.4 0.25 0.13 
372 
Site 7 
Sampte Depth Depth pH . Sand Co.Si F.Si Clay Fine clay FC/TC C.Si/F.Si 
(cm) Onch) % ratio ratio 
53613 189 74.5 6.3 1.4 25.2 43.8 29.6 
00 
•
 
n
 0.47 0.58 
53614 206 81.0 6.3 7.2 17.4 45.9 29.5 13.7- 0.46 0.38 
53615 225 88.5 6.4 14.7 18.9 42.9 23.5 12.3 0.53 0.44 
53616 243 95.5 6.3 17.8 18.6 39.6 24 13.8 0.57 0.47 
53617 260 102.5 6.2 19.6 17.1 39 24.3 16.6 0.68 0.44 
53618 277 109.0 6.2 19.1 15.6 36.3 29 19.8 0.68 0.43 
53619 288 113.5 6.1 19.6 12.3 21.7 46.4 29.7 0.64 0.57 
53621 302 119.0 6.1 20.7 6.9 20.6 51.8 36.6 0.71 0.33 
53622 334 131.5 6.1 26.6 7.9 17.8 47.7 34.4 0.72 0.44 
53623 356 140.0 6.1 39.6 8.4 14.8 37.2 25.3 0.68 0.57 
53624 375 147.5 6.1 50.4 5.2 15.1 29.3 19.2 0.66 0.34 
53625 394 155.0 6.1 41.1 11.0 17.2 30.7 21.5 0.70 0.64 
53626 410 161.5 6.4 49.4 8.4 13.5 28.7 21.3 0.74 0.62 
53627 425 167.5 6.2 29.0 13.1 25.1 32.8 21.0 0.64 0.52 
53628 443 174.5 6.3 34.2 18.1 22.9 24.8 14.9 0.60 0.79 
53629 460 181.0 6.4 16.6 5.6 29.8 48 25.7 0.54 0.19 
53630 500 197.0 6.4 4.1 7.5 35.3 53.1 25.2 0.47 0.21 
53631 522 205.5 6.4 8.5 6.5 30.9 54.1 26.2 0.48 0.21 
373 
Site 8 
Sample Depth Depth pH • Sand Co.Si F.Si Clay Fine day FC/TC C.Si/F.Si 
(em) Onch) % ratio ratio 
53632 207 81.5 6.6 1.6 23.6 44.9 29.9 15.8 0.53 0.53 
53633 221 87.0 6.6 6.1 18.0 48.1 27.8 n d "  nd 0.37 
53634 236 93.0 6.5 15.5 18.4 39.9 26.2 12.6 0.48 0.46 
53635 250 98.5 6.6 20.3 17.1 35.4 27.2 13.4 0.49 0.48 
53636 269 106.0 6.6 26.4 20.3 29.8 23.5 11.6 0-50 0.68 
53637 286 112.5 6.4 25.1 17.3 29.5 28.1 13.9 0.50 0.59 
53638 305 120.0 6.3 27.9 15.5 27.7 28.9 18.9 0.65 0.56 
53639 326 128.5 6.1 28.4 14.5 20.3 36.8 24.6 0.67 0.71 
53641 348 137.0 6.1 35.4 10.6 16.6 37.4 24.7 0.66 0.64 
53642 370 145.5 6.1 32.3 13.3 16.3 38.1 25.0 0.66 0.82 
53643 391 154.0 6.1 29.1 14.7 16.4 39.8 27.5 0.69 0.90 
53644 411 162.0 6.2 29.7 16.7 17.5 36.1 25.0 0.69 0.95 
53645 429 169.0 6.1 29.8 17.9 18.6 33.7 23.7 0.70 0.96 
53646 446 175.5 6.2 29.1 21.7 19.1 30.1 21.0 0.70 1.14 
53647 464 182.5 6.2 26.4 21.1 19.7 32.8 21.9 0.67 1.07 
53648 483 190.0 6.3 30.8 20.8 20.3 28.1 19.0 0.68 1.02 
53649 504 198.5 6.3 31.8 21.1 20 27.1 18.5 0.68 1.06 
53650 528 208.0 6.5 49.7 16.2 14 20.1 14.4 0.72 1.16 
53651 554 218.0 6.5 53.4 14.7 12.8 19.1 1.15 
53652 580 228.5 6.5 63.8 11.2 9.4 15.6 1.19 
53653 622 245.0 7.3 85.2 3.4 3.7 7.7 0.92 
55341 664 261.6 7.3 92.0 1.1 2.6 4.3 3.6 0.84 0.42 
55342 686 270.0 6.6 93.6 1.9 1.2 3.3 3.0 0.91 1.58 
55343 716 282.0 6.6 94.2 4.0 0.6 3.6 6.67 
55344 732 288.0 6.6 74.0 9.3 6.4 10 6.0 0.60 1.45 
55345 747 294.0 6.8 81.2 6.9 4.5 7.5 1.53 
55346 762 300.0 6.9 87.0 4.7 2.4 5.9 1.96 
55347 786 309.6 6.7 93.3 2.2 0.7 3.8 3.14 
55348 808 318.0 6.5 88.1 3.8 2.6 5.5 3.6 0.65 1.46 
55349 823 324.0 6.6 94.9 1.4 0.3 3.4 4.67 
55350 853 336.0 6.6 87.1 4.5 2.7 5.7 1.67 
55351 884 348.0 7.0 78.0 7.2 6 8.9 1.20 
55352 914 360.0 6.7 70.9 12.7 7.5 8.9 6.4 0.72 1.69 
55353 945 372.0 6.8 79.4 7-4 7.1 6.1 1.04 
55354 975 384.0 6.8 86.6 4.0 4 5.5 1.00 
55355 1006 396.0 6.9 83.7 5.9 4.7 5.6 4.3 0.77 1.26 
55356 1036 408.0 6.8 86.6 4-9 3.1 5.4 1.58 
55357 ' 1067 420.0 6.9 43.7 29.0 12.8 14.4 2.27 
55358 1097 432.0 6.9 62.3 16.3 9.7 11.6 8.4 0.72 1.68 
55359 1128 444.0 6.9 58.0 19.5 10.3 12.1 1.89 
55361 1158 456.0 7.1 85.5 1.7 4.2 8.6 4.1 0.48 0.40 
55362 1189 468.0 7.4 60.4 17.6 9.4 12.6 8.0 0.63 1.87 
374 
55363 1219 
55364 1250 
55365 1280 
55366 1341 
55367 1372 
55368 1402 
55369 1433 
55370 1463 
55371 1524 
55372 1554 
sample Depth 
(cm) 
53493 89 
53494 105 
53495 124 
53496 151 
53497 174 
53498 193 
53499 212 
53501 230 
53502 254 
53503 282 
53504 310 
53505 342 
53506 371 
53507 398 
53508 431 
53509 471 
53510 507 
53511 531 
53512 554 
480 7.4 
492 7.. 2 
504 7.3 
528 7.2 
540 5.1 
552 5.7 
564 5.9 
576 6.2 
600 7 
612 7.3 
Depth pH 
(inch) 
35 6.5 
42 6.8 
49 7.1 
60 6.9 
69 6.7 
76 6.7 
84 6.5 
91 6.6 
100 6.4 
111 6.4 
122 6.6 
135 6.5 
146 6.5 
157 6.5 
170 6.6 
186 6.4 
200 6.6 
209 6.6 
218 6.5 
71 10.6 
80.7 5.9 
81 10.2 
76 12.8 
79.9 7.4 
46.4 23.5 
90 1.6 
81.2 6 
15.8 26.5 
12.1 16.3 
Site9 
sand CO.si 
3.5 22.8 
16.7 18.9 
41.2 16.8 
43 18.2 
44.3 16.7 
46 18.1 
47 17 
47.3 18.4 
48 18.1 
46.3 20.9 
62.2 16.4 
67.3 12.5 
73 10.5 
80.8 6.3 
78.8 8.3 
62.3 15.8 
79.2 9.1 
79.9 7.8 
85.7 5.9 
7.3 11.1 
4.7 8.7 
3.9 4.9 
5.5 5.7 
4.3 8.3 
12.9 17.2 
3 5.5 
5.7 7 
36.5 21.2 
47.8 23.8 
Fi.si Total 
% clay 
39.8 33.9 
37.8 26.6 
27.7 14.3 
21.9 16.9 
20.5 18.5 
18 17.9 
18.2 17.8 
10.3 24 
10.4 23.5 
9.9 22.9 
7.9 13.5 
6.1 14.1 
4.1 12.4 
3.3 9.6 
3.5 9.4 
8.8 13.1 
3.2 8.5 
3.8 8.5 
2.1 6.3 
4.5 0.92 
10.8 0.63 
3.1 0.44 
5.4 0.23 
Fine F.C/T.C 
clay ratio 
nd nd 
13.4 0.50 
6.5 0.46 
7.6 0.45 
9.1 0.49 
9.5 0.53 
10.9 0.61 
15.6 0.65 
17.7 0.75 
16.5 0.72 
9.5 0.70 
10.3 0.73 
9.3 0.75 
8.0 0.83 
7.2 0.76 
6.9 0.52 
6.3 0.74 
5.9 0.69 
5.0 0.79 
375 
J^PENDIX C; 
SAMD FRACTIONATION DATA 
376 
site 0 
ve^ cy Very 
Coarse Coaree Hediuffl Fine Fine Total FS/TS HS/FS 
Sample Depth Depth Sand Sand Sand Sand Sand Sand Ratio Ratio 
f , • I cm; 1^ UVU1 • 
55373 8 3 0.6 1.2 1.1 1.0 0.7 4:6 0.22 1.10 
55374 20 8 0.4 1.1 1.2 1.1 0.7 4.5 0.24 1.09 
55375 32 13 0.5 1.0 1.0 0.9 0.6 4.0 0.22 1.11 
55376 44 18 0.6 1.4 1.0 0.6 0.5 4.1 0.15 1.67 
55377 56 22 0.9 1.2 0.7 0.6 0.5 3.9 0.15 1.17 
55378 69 27 1.1 1.1 0.6 0.3 0.5 3.6 0.08 2.00 
55402 84 33 
55403 99 39 
55404 114 45 
55405 130 51 
55406 145 57 
55379 168 66 0.0 0.2 0.2 0.2 0.6 1.2 0.17 1.00 
55381 198 78 0.1 0.7 0.3 0.1 0.5 1.7 0.06 3.00 
55382 229 90 0.0 0.2 0.3 0.2 0.5 1.2 0.17 1.50 
55383 251 99 0.0 0.0 0.2 0.1 0.3 0.6 0.17 2.00 
55384 265 105 0.1 0.1 0.2 0.1 0.2 0.7 0.14 2.00 
55385 276 109 0.2 0.8 2.0 3.2 1.6 7.8 0.41 0.63 
55387 290 114 0.0 0.2 0.9 1.1 0.6 2.8 0.39 0.82 
55388 302 119 0.2 1.1 3.1 5.6 2.3 12,3 0.46 0.55 
55389 320 126 0.2 0.9 3.1 5.3 2.7 12.2 0.43 0.58 
55390 351 138 1.0 0.6 3.4 5.8 3.1 13.9 0.42 0.59 
55391 389 153 0.6 1.8 5.7 9.4 4.7 22.2 0.42 0.61 
55392 434 171 3.6 2.9 7.1 13.9 7.7 35.2 0.39 0.51 
55393 472 186 2.7 2.6 6.7 13.1 7.6 32.7 0.40 0.51 
55394 503 198 3.0 4.1 9.4 15.7 8.7 40.9 0.38 0.60 
55395 541 213 1.7 4.9 11.6 17.8 9.6 45.6 0.39 0.65 
55396 587 231 3.5 4.6 10.8 18.0 8.9 45.8 0.39 0.60 
55397 640 252 3.8 5.3 11.5 16.3 7.9 44.8 0.36 0.71 
55398 701 276 3.2 3.6 7.1 12.3 7.6 33.8 0.36 0.58 
55399 747 294 4.0 2.9 6.4 11.2 7.8 32.3 0.35 0.57 
55401 792 312 3.1 3.9 7.3 13.7 8.4 36.4 0.38 0.53 
377 
site 1 
Very Very 
Coarse Coarse Medium Pine Fine Total FS/TS HS/FS 
Depth Depth Sand Sand Sand Sand Sand Sand Ratio Ratio 
1 - . * SBl&pxO (cai) (xncu) • 
- -
53573 222 88 0.0 0.4 0 .7  0 .8  0.6 2 .5  0.32 0.88 
53574 236 90 0.4 2.6 5 .6  6.7 3.0 18.3 0.37 0.84 
53575 250 96 0.7 3 .3  5.9 7 .1  3.0 20.0 0.36 0.83 
53576 264 101 1.1 5.4 10.1 12.3 5.4 34.3 0.36 0.82 
53577 297 111 1.6 5.6 9 .4  12.6 5 .9  35.1 0.36 0.75 
53578 309 119 1.7 5.5 9 .0  11.7 5 .5  33.4 0.35 0.77 
53579 320 124 1.7 4.0 6 .8  9,7 5 .1  27.3 0.36 0.70 
53581 338 130 1.5 2.8 5.6 8 .3  4.6 22.8 0.36 0.67 
53582 356 137 1.2 2.7 6 .0  9.0 5 .0  23.9 0 .38 0.67 
53583 377 143 1.0 3.4 7.9 11.2 5 .7  29.2 0.38 0.71 
53534 387 150 1.1 3.6 9 .2  13.6 6 .6  34.1 0.40 0.68 
site 2 
Very Very 
Coacse Coarse Medium Fine Fine Total FS/TS HS/FS 
Depth Depth Sand Saod Sand Sand Sand Sand Ratio Ratio 
SsnpXo /QBk / i-Tich % 
55585 94 37 2.4 
55586 105 42 2.0 
55587 117 46 2.4 
55588 127 51 2.1 
55589 140 55 0.5 2.0 4 .0  6 .8  3.7 17.0 0.40 0.59 
55590 155 61 0.8 2.0 4 .2  7 .3  4.0 18.3 0.40 0.58 
55591 169 67 1.4 4.0 7 .2  14.2 9 .1  35.9 0.40 0.51 
55592 179 71 2.2 3.2 5 .3  10.6 7.6 28.9 0.37 0.50 
55593 191 75 1.3 2.4 4 .2  8.9 6.0 22.8 0.39 0.47 
55594 206 81 5 .8  7.2 6 .4  10.1 6.4 35.9 0 .28 0.63 
55595 220 87 0 .9  3.2 6 .5  12.4 7 .8  30.8 0.40 0.52 
55596 233 94 1 .5  3.1 6 .5  11.8 7.7 30.6 0.39 0.55 
53597 
53598 
53599 
53601 
53602 
53603 
53604 
53605 
53606 
53607 
53608 
53609 
53610 
53611 
53612 
378 
site3 
Very " Very 
Coarse Coarse Hedium Fine Fine Total FS/TS HS/FS 
Depth Depth Sand Sand Sand Sand Sand Sand Ratio Ratio 
(cm) (inch) I 
191 75 0.5 0.6 1 .5  3.2 2 .1  7.9 0.41 0.47 
206 81 0 .2  1 .3  3.8 9.0 5 .3  .  19.6 0.46 0.42 
224 88 0 .3  1.6 5 .1  12.6 7.2 26.8 0.47 0.40 
241 95 0 .7  1 .7  4.2 10.0 6 .0  22.6 0.44 0.42 
258 102 0 .5  1 .7  4.2 11.1 7.5 25.0 0.44 0.38 
282 111 0.8 2 .0  4.9 12.1 8 .1  27.9 0.43 0.40 
301 119 0.5 1 .8  5.4 12.4 7 .5  27.6 0.45 0.44 
320 126 0.3 1 .6  6 .1  14.1 7.3 29.4 0.48 0.43 
343 135 0.6 1 .5  4.5 11.2 7 .3  25.1 0.45 0.40 
368 145 0.6 1 .2  4.0 10.4 6 .8  23.0 0.45 0.38 
389 153 0.3 1 .4  5.4 13.2 7 .7  28.0 0.47 0 .41 
404 159 0.8 2.2 5 .0  13.3 8 .3  29.6 0.45 0.38 
422 166 0.6 2 .3  5.7 13.6 8 .4  30.6 0.44 0.42 
445 175 3.8 2.4 4 .0  11.3 8.4 29.9 0.38 0.35 
470 185 0.5 2 .1  3.9 10.3 9 .3  26.1 0.39 0.38 
379 
site 4 
Sas^ le 
Depth 
(cm) 
Depth 
(inch) 
Very 
Coarse 
Sand 
Coarse 
sand 
Medium 
Sand 
% 
Pine 
Sand 
Very 
Fine 
Sand 
Total 
Sand 
FS/TS 
Ratio 
HS/FS 
Ratio 
53546 207 82 0 .0  0 .3  1 .0  1.4 1 .0  3.7 0.38 0.71 
53547 218 84 0 .0  1 .2  0.7 3.6 2 .4  7 .9  0.46 0.19 
53548 236 90 0 .3  2.0 5 .1  7.9 4.6 19.9 0.40 0.65 
53549 257 97 0 .5  2 .5  6 .2  9.4 5 .6  24.2 0.39 0.66 
53550 273 104 0 .6  3 .0  6 .6  10.2 5 .8  26.2 0.39 0.65 
53551 288 111 0.6 3.2 7.2 10.4 5 .8  27.2 0.38 0.69 
53552 305 117 0.4 3 .3  7.0 10.4 6 .1  27.2 0.38 0.67 
53553 323 124 0.6 2 .2  5 .8  9.3 5 .3  23.2 0.40 0.62 
53554 343 132 0.8 3.7 7.2 10.2 6 .0  27.9 0.37 0.71 
53555 378 144 0.8 2 .4  6 .1  9.7 6 .4  25.4 0.38 0.63 
53556 423 158 0.2 0 .9  2 .9  6.9 6.6 17.5 0.39 0.42 
53557 458 171 0.3 1.2 2.7 7.0 7 .9  19.1 0.37 0.39 
53558 490 184 0.3 1 .1  2.9 5.9 5 .9  16.1 0.37 0.49 
53559 505 196 0.0 1 .0  4.3 8.3 5 .3  18.9 0.44 0.52 
53561 522 202 0 .2  0 .8  4 .3  8.9 7 .4  21.6 0.41 0.48 
53562 544 210 1.0 2 .6 8.4 13.1 9 .3  34.4 0.38 0.64 
53563 572 219 0.2 1 .7  5.5 10.1 9.3 26.8 0.38 0.54 
53564 592 223 0.2 1 .6  5.7 9.6 7 .4  24.5 0.39 0.59 
53565 662 242 1 .2  11.0 17.1 19.1 10.7 59.1 0.32 0.90 
53566 677 264 0 .1  1 ,2  3.0 9.4 14.5 28.2 0.33 0.32 
53567 721 275 0 .0  0 .2  0 .5  5.2 9 .5  15.4 0.34 0.10 
53568 737 287 0 .0  0 .2  0 .9  2.4 1 .2  4.7 0.51 0.37 
53569 747 292 0 .5  3 .1  7.7 10.6 3 .1  25.0 0.42 0.73 
53570 761 297 3 .5  19.7 35.0 16.7 2 .3  77.2 0.22 2.10 
53571 773 302 2 .7  12.7 24.2 21.9 3 .5  65.0 0.34 1.11 
53572 781 306 8 .5  23.6 30.4 18.5 3 .5  84.5 0.22 1.64 
55299 800 310 1.1 2.0 7.6 16.9 10.5 38.1 0.44 0.45 
55301 876 329 0 .1  0.6 1 .5  3.5 2 .8  8 .5  0.41 0.43 
55302 930 360 1 .1  3.7 14.7 37.9 11.7 69.1 0.55 0.39 
55303 1002 395 0 .1  0.2 0 .6  4.9 7 .2  13.0 0.38 0.12 
55304 1072 422 0 .2  0 .5  1 .7  5.2 6 .4  14.0 0.37 0.33 
55305 1128 444 0 .0  0 .2  0 .4  1 .4  2.8 4.8 0.29 0.29 
55306 1181 465 0.0 0 .3  0.9 1 .7  1 .8  4.7 0.36 0.53 
55307 1234 481 0 .3  0 .8  2 .2  9.2 11.2 23.7 0.39 0.24 
55308 1265 498 0 .2  0 .4  1 .2  4.9 5 .0  11.7 0.42 0.24 
55309 1295 510 0.5 0 .5  1 .6  5.2 4 .8  12.6 0 .41 0.31 
55310 1326 522 0 .4  0 .8  3 .9  6.2 3 .3  14.6 0.42 0.63 
55311 1356 534 0.4 0.9 4 .3  5.9 3 .8  15.3 0.39 0.73 
380 
site 4 
Sample 
Depth 
(cm) 
Depth 
( inch)  
Very 
Coarae 
Seuid 
Coarse 
Sand 
Medium 
Sand 
\ 
Fine 
Sand 
Very 
Fine 
Sand 
Total 
Sand 
FS/TS 
Ratio 
HS/FS 
Ratio 
55312 1387 546 0 .3  0.2 1 .0  1 .5  1.8 4.8 0 .31 0.67 
55313 1417 558 0 .2  0 .1  0.3 0.7 0.9 2 .2  0.32 0.43 
55314 1448 570 0 .7  0 .2  0.7 2 .0  1 .2  4.8 0.42 0.35 
55315 1478 582 0 .5  0 .5  6.4 17.1 5.4 29.9 0.57 0.37 
55316 1509 594 0 .1  0.4 6 .4  21.8 9 .3  38.0 0.57 0.29 
55317 1539 606 0 .1  0.3 5.6 22.0 12.3 40.3 0.55 0.25 
55318 1570 618 0.4 0.2 1 .5  5.6 5 .4  13.1 0.43 0.27 
55319 1600 630 0 .5  0.9 2 .4  5 .0  3.7 12.5 0.40 0.48 
55321 1631 642 0 .5  0.4 0.4 1 .4  4.2 6 .9  0.20 0.29 
55322 1661 654 1 .3  0.4 0.6 8 .2  15.3 25.8 0.32 0.07 
55323 1692 666 0 .4  0 .4  0.9 14.9 25.3 41.9 0.36 0.06 
55324 1722 678 1 .4  1 .4  0.9 5 .8  6 .1  15.6 0.37 0.16 
55325 1753 690 1 .0  2.7 4.0 6 .5  6.8 21.0 0 .31 0.62 
55326 1783 702 1 .0  1 .9  4 .1  5.2 7.4 19.6 0.27 0.79 
55327 1814 714 0.9 2 .4  7.0 24.2 18.7 53.2 0.45 0.29 
55328 1848 728 0 .3  1 .1  5.6 30.0 13.2 50.2 0.60 0.19 
55329 1878 740 0 .9  1 .1  6.3 31.3 12.4 52.0 0.60 0.20 
55330 1905 750 3 .1  3.8 6.0 10.6 5 .1  28.6 0.37 0.57 
55331 1935 762 6 .2  7 .4  12.4 24.3 10.8 61.1 0.40 0.51 
55332 1966 774 2 .1  1.5 2 .3  5.6 6 .4  17.9 0 .31 0.41 
55333 1996 786 1 .0  1.9 3.2 5 .7  6 .5  18.3 0.31 0.56 
55334 2027 798 0 .4  0.9 1 .5  3.9 6.6 13.3 0.29 0.38 
55335 2057 810 0.2 1 .0  2.4 5 .7  8 .1  17.4 0.33 0.42 
55336 2088 822 1 .2  2 .1  4.9 10.7 9 .3  28.2 0.38 0.46 
55337 2118 834 0.8 2.0 5 .5  12.5 9 .2  30.0 0.42 0.44 
55338 2149 846 2 .0  2 .9  5 .8  10.2 8 .0  28.9 0 .35 0.57 
55339 2179 858 3.9 4.3 7.6 15.2 8 .6  39.6 0.38 0.50 
53461 
53462 
53463 
53464 
53465 
53466 
53467 
53468 
53469 
53470 
53471 
53472 
53473 
53474 
53475 
53476 
53477 
53478 
53479 
53481 
53482 
53483 
53484 
53485 
53486 
53487 
53488 
53489 
53490 
53491 
53492 
381 
site 5 
Very " Very 
Coarae Coarae Medium Fine Fine Total FS/TS HS/FS 
Depth Depth Siuid Sand Sand Sand Sand Sand Ratio Ratio 
(cm) (inch) t 
222 88 0 .2  0
0 
•
 
o
 0 .7  0 .6  0.6 2.9 0 .21 1.17 
234 92 0 .3  1 .1  1.8 2.6 1 .8  7.6 0.34 0.69 
250 99 0 .3  1 .9  4.0 5 .9  4 .1  16.2 0.36 0.68 
274 108 0 .1  1 .8  4.0 6 .5  4.6 17.0 0.38 0.62 
298 118 0.0 2 .0  4 .5  7 .1  5.2 18.8 0.38 0.63 
320 126 0.5 2.4 4 .8  7 .5  5 .3  20.5 0.37 0.64 
344 136 0.7 2 .7  4.7 7 .6  6 .3  22.0 0 .35 0-62 
367 145 0.2 2.2 4 .9  8 .1  5.7 21.1 0.38 0-60 
387 153 0.2 1 .7  4.4 6 .6  5 .8  18.7 0.35 0.67 
404 159 0.1 1 .1  2.4 6 .7  8.2 18.5 0.36 0.36 
419 165 0.2 0.9 2 .4  9 .5  8.6 21.6 0 .44 0.25 
436 172 0.4 1 .4  3.6 10.7 8.0 24.1 0.44 0.34 
488 192 0.2 1 .1  2.9 6 .1  6.0 16.3 0.37 0.48 
523 206 0 .3  1 .8  5 .1  9 .1  8.9 25.2 0.36 0.56 
540 213 1.4 1.9 4 .1  9.2 9 .1  25.7 0.36 0.45 
552 218 3.7 4.9 7 .4  15.4 11.7 43.1 0.36 0.48 
572 225 3 .4  4.7 6 .1  17.2 14.9 46.3 0.37 0.35 
592 233 0 .7  2 .3  5.5 20.8 20.0 49.3 0.42 0.26 
610 240 0 .1  1 .1  4.1 14.0 6 .3  25.6 0 .55 0.29 
636 251 2 .3  8.4 16.6 24.8 9 .3  61.4 0 .40 0.67 
652 257 1 .2  9.9 26.8 34.7 7 .2  79.8 0 .43 0.77 
667 263 3 .2  12.4 35.1 22.5 4 .1  77.3 0.29 1.56 
688 271 0 .0  0 .3  1 .1  6.2 22.3 29.9 0 .21 0.18 
706 278 1 .4  4 .5  7.9 15.7 15.8 45.3 0.35 0.50 
719 283 0.0 0 .6  0 .8  2 .5  4.0 7.9 0.32 0.32 
732 288 0 .2  1 .2  3 .1  6.5 7 .1  18.1 0.36 0.48 
749 295 0 .0  0 .1  0 .3  2 .1  8.7 11.2 0.19 0.14 
779 307 0 .2  0.9 3 .3  11.0 15.8 31.2 0 .35 0.30 
806 318 0.0 0 .1  0.3 1 .3  2.0 3.7 0.35 0.23 
826 325 0.0 0 .1  0.9 4 .5  4.8 10.3 0.44 0.20 
871 343 0 .0  0 .0  1 .6  6 .3  5.6 13.5 0.47 0.25 
382 
site 6 
Sample 
Depth 
(cm) 
Depth 
(inch) 
Very 
Coarse 
Sand 
Coarse 
Sand 
Medium 
Sand 
% 
Fine 
Sand 
Very 
Pine 
Sand 
Total 
Sand 
FS/TS 
Ratio 
MS/FS 
Ratio 
53513 220 87 0 .3  1 .5  1.8  2.5 1 .8  7.9 0.32 0.72 
53514 236 93 0 .2  2 .5  3.7 5.4 3 .7  15.5 0.35 0.69 
53515 251 99 0 .1  1.2 2.5 4.7 3 .5  12.0 0.39 0.53 
53516 276 109 0.1 1.1 2.5 4.6 3 .7  12.0 0.38 0.54 
53517 286 113 0.1 0.6 1 .9  4.0 3 .3  9.9 0.40 0.48 
53518 297 117 0.1 0.6 2 .0  4.3 3 .3  10.3 0.42 0.47 
53521 318 125 0.1 0.6 1 .6  3.5 3.0 8.8 0.40 0.46 
53522 343 135 0.0 0 .3  1 .2  3.2 2 .4  7 .1  0.45 0.37 
53523 370 146 0 .1  0.8 2 .8  8.2 5 .2  17.1 0.48 0.34 
53524 396 156 0.1 2.0 5 .2  21.8 13.6 42.7 0 .51 0.24 
53525 422 166 1 .4  3.2 7 .7  16.2 10.2 38.7 0 .42 0.48 
53526 453 179 0.0 0 .1  0.3 0.8 0.6 1 .8  0.44 0.38 
53527 485 191 0.0 0 .1  0.3 0.8 1 .2  2.4 0.33 0.38 
53528 511 201 0.0 0 .1  0.2 1 .2  2 .4  3.9 0 .31 0.17 
53529 532 210 3.5 
53530 558 220 2 .0  
53531 582 229 1 .0  
53532 603 238 0 .6  
53533 640 252 1 .2  
53534 665 262 1 .3  
53535 682 269 1 .5  
53536 697 275 1 .7  
53537 718 283 2.7 
53538 733 289 3 .0  
53539 782 308 1 .3  
53541 817 322 1 .0  
53542 843 332 3.7 
53543 892 351 1.4 
53544 937 369 0 .7  
55408 938 369 0 .8  
55409 968 381 0.7 
55410 991 390 0 .3  
55411 1012 398 0 .7  
55412 1020 401 0 .5  
55413 1029 405 0 .7  
55414 1044 411 3.6 
55415 1059 417 0.7 
55416 1082 426 0 .4  
383 
site 6 
Seusple 
Depth 
(an)  
Depth 
(inch) 
Very 
Coarse 
Sand 
Coarse 
Sand 
Medium 
Sand 
t  
Fine 
Sand 
Very 
Pine 
Sand 
Total 
Sand 
FS/TS 
Ratio 
MS/FS 
Ratio 
55417 1113 438 0 .6  
55418 1143 450 2 .4  
55419 1189 468 1 .1  
55421 1265 498 0 .8  
55422 1356 534 2 .1  
55423 1448 570 1 .0  
55424 1524 600 2 .2  
55425 1580 622 0 .7  
55426 1641 646 3 .3  
55427 1707 672 0 .0  0 .7  12.2 21.4 3 .8  38.1 0.56 0.57 
55428 1768 696 6 .1  5 .8  9.9 10.8 2.6 35.2 0 .31 0.92 
55429 1814 714 6 .6  10.6 19.9 18.6 3 .8  .59.5 0 .31 1.07 
55430 1844 726 7 .6  7 .6  12.3 10.7 2 .6  40.8 0.26 1 .15 
55431 1875 738 7 .1  7 .3  14.5 13.2 2 .7  44.8 0.29 1.10 
55432 1920 756 11.1 10.9 12.9 8.6 2 .6  46.1 0.19 1.50 
55433 1981 780 3 .2  2 .8  2.9 1 .9  2 .1  12.9 0.15 1 .53 
55434 2027 798 0 .0  0 .0  0 .3  0.2 0.2 0.7 0.29 1.50 
384 
site 7 
Sample 
Depth 
(cm) 
Depth 
(inch) 
Very 
Coarse 
Sand 
Coaree 
Sand 
Medium 
Sand 
% 
Fine 
Sand 
Very 
Fine 
Sand 
Total 
Sand 
FS/TS 
Ratio 
MS/FS 
Ratio 
53613 189 75 0 .0  0 .4  0.4 0.4 0 .4  1 .6  0.25 • O
 
o
 
53614 206 81 0.0 0 .8  1 .5  2.8 2 .2  7 .3  0.38 0.54 
53615 225 89 0 .3  2 .2  3.2 5.6 3 .6  14.9 0.38 0.57 
53618 243 96 0 .2  1 .9  3.6 7.6 4 .5  17.8 0.43 0.47 
53617 260 103 0.2 1 .7  3.8 8.7 5 .5  19.9 0.44 0.44 
53618 277 109 0.2 1 .4  3.7 8.9 4.9 19.1 0.47 0.42 
53619 288 114 0.2 0 .8  3.6 9 .5  5.7 19.8 0.48 0.38 
53621 302 119 0.5 0.7 3 .7  10.1 6.0 to
 
•
 O
 
0.48 0.37 
53622 334 132 0.1 0.9 4.9 14.3 6 .6  26.8 0.53 0.34 
53623 356 140 0.0 1 .4  8 .1  22.4 8 .1  40.0 0.56 0.36 
53624 375 148 0.6 6 .3  14.0 25.5 4 .4  50.8 0.50 0.55 
53625 394 155 1.5 7.8 16.2 12,3 3 .7  41.5 0.30 1.32 
53626 410 162 0 .3  7 .7  33.9 5 .5  2 .5  49.9 0 .11 6.16 
53627 425 168 0.0 1 .5  10.8 13.9 3 .4  29.6 0.47 0.78 
53628 443 175 0 .0  2 .1  15.5 12.3 4.9 34.8 0.35 1.26 
53629 460 181 0.0 1 .8  5.8 6.8 2.6 17.0 0.40 0.85 
53630 500 197 0 .0  0 .4  0.9 1 .9  1 .5  4.7 0.40 0.47 
53631 522 206 0 .0  0 .7  2.6 3 .7  2 .0  9 .0  0.41 0.70 
385 
site 8 
Sample 
Depth 
(cm) 
Depth 
(inch) 
Very 
Coarae 
Sand 
Coarse 
Sand 
Medium 
Sand 
t 
Fine 
Sand 
Very 
Fine 
Sand 
Total 
Sand 
FS/TS 
Ratio 
MS/FS 
Ratio 
53632 207 82 0 .0  0.2 0 .4  0 .5  0.7 1 .8  0.28 0.80 
53633 221 87 0 .2  0.4 1 .4  2.9 1 .8  6 .7  0.43 0.48 
53634 236 93 0 .0  0.5 2 .4  7.9 4 .5  15.3 0.52 0.30 
53635 250 99 0 .1  0.6 2 .9  10.5 5 .7  19.8 0.53 0.28 
53636 269 106 0 .3  0.6 3 .6  14.4 8 .1  27.0 0 .53 0.25 
53637 286 113 0.2 0.7 2 .4  12.4 9 .1  24.8 0.50 0.19 
53638 305 120 0.2 0.6 2 .8  13.9 10.0 27.5 0 .51 0.20 
53639 326 129 0 .1  0.4 3 .0  14.6 9 .9  28.0 0.52 0.21 
53641 348 137 0.2 0.5 3 .6  15.9 14.8 35.0 0.45 0.23 
53642 370 146 0 .2  0.4 2 .8  15.7 12.9 32.0 0.49 0.18 
53643 391 154 0 .0  0 .1  2.4 14.0 11.9 28.4 0.49 0.17 
53644 411 162 0 .0  0 .1  2.0 14.3 12.8 29.2 0.49 0.14 
53645 429 169 0 .1  0.3 1 .7  12.9 14.8 29.8 0 .43 0.13 
53646 446 176 0 .1  0.2 1 .5  12.9 13.9 28.6 0 .45 0.12 
53647 464 183 0.0 0 .1  1 .3  11.5 13.1 26.0 0.44 0.11 
53648 483 190 0 .1  0.1 1 .3  13.4 15.6 30.5 0.44 0.10 
53649 504 199 0.0 0.2 1 .5  13.9 15.2 30.8 0 .45 0.11 
53650 528 208 0 .3  0.6 3 .5  29.8 14.9 49.1 0.61 0.12 
53651 554 218 0.1 0.2 3 .4  34.6 14.4 52.7 0.66 0.10 
53652 580 229 0 .0  0 .1  1.2 46.6 15.3 63.2 0.74 0.03 
53653 622 245 0 .0  0 .0  12.4 64.9 7 .4  84.7 0 .77 0.19 
55341 664 262 8 .4  24.4 43.6 13.6 0.9 90.9 0 .15 3.21 
55342 686 270 4 .1  30.3 49.8 7 .4  0.9 92.5 0.08 6.73 
55343 716 282 13.2 28.2 31.3 •19.9 0 .7  93.3 0 .21 1.57 
55344 732 288 3 .9  20.3 30.8 14.2 4 .5  73.7 0.19 2.17 
55345 747 294 3 .8  27.3 31.7 13.9 3 .8  80.5 0.17 2.28 
55346 762 300 9 .3  40.9 27.4 6 .2  2.4 86.2 0.07 4.42 
55347 786 310 23.8 33.2 25.5 8 .9  1 .0  92.4 0.10 2.87 
55348 808 318 12.9 26.5 34.6 11.9 1 .5  87.4 0.14 2.91 
55349 823 324 34.1 32.6 20.4 5 .9  0.8 93.8 0.06 3.46 
55350 853 336 1.7 25.9 41.2 14.1 3.4 86.3 0.16 2.92 
55351 884 348 1 .8  15.2 35.5 20.1 4.5 77.1 0.26 1.77 
55352 914 360 4 .7  3 .2  14.5 38.6 9 .0  70.0 0.55 0.38 
55353 945 372 8 .8  17.1 23.9 21.8 6.9 78.5 0.28 1.10 
55354 975 384 25.5 29.8 17.7 10.0 2 .7  85.7 0.12 1.77 
55355 1006 396 20.7 22.4 21.8 14.6 3 .5  83.0 0.18 1.49 
55356 1036 408 22.7 32.2 19.5 9 .1  2.3 85.8 0.11 2.14 
55357 1067 420 2 .3  2.6 7 .5  17.7 12.9 43.0 0 .41 0.42 
53493 
53494 
53495 
53496 
53497 
53498 
53499 
53501 
53502 
53503 
53504 
53505 
53506 
53507 
53508 
53509 
53510 
53511 
53512 
Sample 
55358 
55359 
55361 
55362 
55363 
55364 
55365 
55366 
55367 
55368 
55369 
55370 
55371 
55372 
386 
site 9 
Very Very 
Coarse Co&rae Medium Fine Fine Total FS/IS HS/FS 
Depth Depth Sand Sand Sand Semd Sand Sand Ratio Ratio 
(ca) (inch) t 
89 35 0 .2  0.4 0 .8  1 .0  1 .2  3.6 0.28 0.80 
105 42 0 .0  0.6 2 .9  9 .3  4.0 16.8 0.55 0 .31 
124 49 0 .0  0.9 5 .7  13.7 11.0 31.3 - 0 .44 0.42 
151 60 0 .1  0.8 5 .6  24.8 11.7 43.0 0 .58 0.23 
174 69 0 .1  0.6 5 .2  25.6 12.8 44.3 0.58 0.20 
193 76 0 .1  0.7 5 .0  25-3 13.7 44.8 0.56 0.20 
212 84 0 .1  0.6 4 .7  27.1 14.5 47.0 0.58 0.17 
230 91 0 .1  0.2 4 .3  25.5 15.5 45.6 0.56 0.17 
254 100 0 .1  1 .3  6.2 23.8 16.8 48.2 0.49 0.26 
282 111 0.0 0.6 4 .8  23.3 17.7 46.4 0.50 0 .21 
310 122 0.2 1 .6  10.7 35.5 14.7 62.7 0.57 0.30 
342 135 0.5 1 .8  13.8 39.2 12.1 67.4 0 .58 0.35 
371 146 0 .4  2.9 16.5 42.0 11.3 73.1 0.57 0.39 
398 157 1.6 7.2 26.6 38.5 7 .0  80.9 0 .48 0.69 
431 170 0 .2  2 .7  18.9 45.6 11.3 78.7 0 .58 0 .41 
471 186 3.2 3 .5  10.4 32.6 12.4 62.1 0.52 0.32 
507 200 0 .2  3 .2  19.2 43.8 12.6 79.0 0 .55 0.44 
531 209 0 .0  0 .8  18.2 51.7 9 .0  79.7 0 .65 0.35 
554 218 2 .4  27.4 34.6 16.5 4.6 85.5 0.19 2 .10 
site 8 
Very Very 
Coarse Coarse Medium Fine Fine Total FS/TS HS/FS 
tpth Depth Sand Sand Sand Sand Sand Sand Ratio Ratio 
(cm) (inch) * 
1097 432 8 .7  9.0 12.7 21 .3  9.8 61.5 0.35 0.60 
1128 444 1 .0  2.4 9 .3  28 .9  15.6 57.2 0 .51 0.32 
1158 456 0 .1  0.7 11.9 61 .9  10.6 85.2 0 .73 0.19 
1189 468 0 .2  0.6 6 .4  33 .1  20.1 60.4 0 .55 0.19 
1219 480 0 .1  0.3 3 .3  45 .1  22.0 70.8 0.64 0.07 
1250 492 2 .1  3.2 17.2 46 .9  11.3 80.7 0.58 0.37 
1280 504 1 .2  1 .8  10.8 53 .5  13.1 80.4 0.67 0 .20 
1341 528 0 .4  1 .4  16.0 42 .5  12.9 73.2 0 .58 0.38 
1372 540 0 .7  2 .1  23.9 43 .2  9 .8  79.7 0.54 0 .55 
1402 552 0 .0  0.2 2 .7  20 .4  23.0 46.3 0.44 0 .13 
1433 564 5 .9  21.0 45.8 13 .6  3.6 89.9 0 .15 3.37 
1463 576 5 .2  12.9 33.0 23 .4  6 .8  81.3 0.29 1 .41 
1524 6 0 0  0.4 1 .0  1 .2  2 .0  10.7 15.3 0.13 0.60 
1554 612 1 .2  2 .1  3.7 2 .5  2.7 12.2 0.20 1 .48 
387 
APPENDIX D; 
TOTAL CARBON, TOTAL NITROGEN, AND C/N RATIO DATA 
388 
site 0 Site 1 
Total Total Total Total 
Depth Carbon Nitrogen C/N Depth Carbon nitrogen C/N 
Sample (cm) t % ratio Sample (cm) t t ratio 
55373 8 2.40 0.24 10.2 53573 222 
55374 20 2.19 0.22 10.0 53574 236 0.26 0.06 4.3 
55375 32 1.79 0.20 9.0 53575 250 0.27 0.07 3.9 
55376 44 1.31 0.13 10.0 53576 264 0.18 0.01 17.5 
55377 56 1.07 0.15 7.1 53577 297 0.09 0.02 4.5 
55378 69 0.85 0.10 8.5 53578 309 0.12 0.02 6.0 
55402 84 0.55 0.08 6.9 53579 320 0.15 0.03 5.0 
55403 99 0.40 0.07 5.7 53580 338 0.19 0.05 3.9 
55404 114 0.26 0.07 3.7 53581 356 0.22 0.05 4.4 
55405 130 0.21 0.04 5.3 53582 377 0.08 0.04 2.0 
55406 145 0.15 0.05 3.0 53583 387 0.07 0.05 1.4 
55379 168 0.12 0.04 3.3 Site 2 
55381 198 0.08 0.05 1.6 
55382 229 0.12 0.04 3.0 Total Total 
55383 251 0.08 0.04 2.0 Depth Carbon Nitrogen C/H 
55384 265 0.15 0.05 3.3 Sample (cm) % % ratio 
55385 276 0.16 0.04 4.0 
55387 290 0.12 0.02 6.0 55585 94 0.73 0.08 9.1 
55388 302 0.21 0.04 5.3 55586 105 0.19 0.08 2.4 
55389 320 0.11 0.02 5.3 55587 117 0.16 0.04 4.0 
55390 351 0.08 0.07 1.1 55588 127 0.26 0.05 5.2 
55391 389 0.04 0.07 0.6 55589 140 0.21 0.09 2.3 
55392 434 0.04 0.02 2.0 55590 155 0.15 0.04 3.8 
55393 472 0.11 0.03 3.7 55591 169 0.11 0.02 5.5 
55394 503 55592 179 0.11 0.04 2.8 
55395 541 0.19 0.10 1.9 55593 191 0.17 0.05 3.3 
55396 587 0.04 0.04 1.0 55594 206 0.12 0.02 6.0 
55397 640 55595 220 0.08 0.04 2.0 
55398 701 0.05 0.04 1.1 55596 232 0.10 0.02 5.0 
55399 747 0.61 0.06 10.2 
55401 792 1.51 0.05 30.2 
389 
Site 3 site 4 
Total Total 
-Total Total 
Depth Carbon Nitrogen C/N Depth Carbon Nitrogen C/N 
Sample (cm) t % ratio Sample (can) « % ratio 
53597 191 0.29 0.05 3.9 53546 207 0.14 0.02 7.0 
53598 206 0.23 0.05 4.6 53547 218 0.17 0.06 3.1 
53599 224 0.25 0.07 3.6 53548 236 0.21 0.04 5.3 
53601 241 0.19 0.03 6.3 53549 257 0.16 0.03 5.3 
53602 258 0.19 0.05 4.7 53550 273 0.19 0.05 3.8 
53603 282 0.19 0.04 4.8 53551 288 0.18 0.05 4.0 
53604 301 0.17 0.05 3.4 53552 305 0.16 0.07 2.3 
53605 320 0.17 0.06 2.8 53553 323 0.19 0.04 4.8 
53606 343 0.17 0.03 5.7 53554 343 0.14 0.02 7.0 
53607 368 0.11 0.04 3.7 53555 378 
t—1 
•
 
o
 0.04 4.9 
53608 389 0.14 0.03 4.7 53556 423 0.08 0.05 1.6 
53609 404 0.11 0.03 3.7 • 53557 458 0.07 0.03 2.3 
53610 422 0.10 0.03 3.2 53558 490 0.04 0.02 2.0 
53611 445 0.07 0.01 7.0 53559 505 0.04 0.04 1.1 
53612 470 0.12 53561 522 0.06 0.02 3.0 
53562 544 0.03 0.02 1.5 
53563 572 0.04 0.12 0.3 
53564 592 0.04 0.07 0.6 
• 53565 662 0.07 0.04 1.8 
53566 677 0.03 0.04 0.8 
53567 721 0.04 0.02 2.0 
53568 737 0.05 0,07 0.7 
53569 747 nd nd nd 
53570 761 0.03 0.04 0.8 
53571 773 0.03 0.02 1.5 
53572 781 0.03 0.04 0.8 
390 
Site 5 Site 6 
Total Total Total Total 
Depth Carbon Mitrogen C/N Depth Carbon Kitrogen C/K 
Sample (cm) t % ratio Sample (cm) t % ratio 
53461 222 0.16 0.04 3.9 53413 220 0-.-17 0.06 2.9 
53462 234 0.22 0.08 2.8 53414 236 0.18 0.04 4.5 
53463 250 0.22 0.03 7.3 53415 251 0.16 0.03 5.3 
53464 274 0.21 0.05 4.6 53416 276 0.15 0.04 5.3 
53465 298 0.16 0.06 2.7 53417 286 0.16 O.OS 3.2 
53466 320 0.15 0.06 2.5 53418 297 0.16 0.05 3.2 
53467 344 0.12 0.06 2.0 53421 318 0.10 0.07 1.4 
53468 367 0.12 0.06 2.2 53422 343 0.10 0.06 1.9 
53469 387 0.14 0.04 3.5 53423 370 0.05 0.04 1.3 
53470 404 0.08 0.03 2.7 53424 396 0.03 0.01 3.0 
53471 419 0.07 0.03 2.3 53425 422 0.03 0.01 3.0 
53472 436 0.04 0.03 1.4 53426 453 0.04 0.04 1.2 
53473 488 0.04 0.02 2.0 53427 485 0.04 0.05 0.8 
53474 523 0.03 0.01 3.0 53428 511 0.04 0.06 0.7 
53475 540 0.07 0.03 2.3 53429 532 0.04 0.04 1.0 
53476 552 0.03 0.02 2.0 53430 558 0.04 nd 
53477 572 0.04 0.03 1.3 53431 582 0.08 nd 
53478 592 0.03 0.02 1.5 53432 603 0.09 0.01 9.0 
53479 610 0.01 0.01 1.0 53433 640 0.08 0.03 2.7 
53481 636 0.03 0.01 3.0 53434 665 0.08 0.01 8.0 
53482 652 0.03 0.01 3.0 53435 682 0.07 0.02 3.5 
53483 667 0.04 0.02 2.0 53436 697 0.04 0.01 4.0 
53484 688 0.03 0.01 3.0 53437 718 0.09 0.01 9.0 
53485 706 0.04 0.02 2.0 53438 733 0.09 0.01 9.0 
53486 719 0.04 0.04 1.0 53439 782 0.13 0.04 3.3 
53487 732 0.03 0.02 1.5 53441 817 0.09 0.03 3.0 
53442 843 0.13 0.02 6.5 
53443 892 0.39 0.03 13.0 
53444 937 0.37 0.03 12.3 
55407 938 0.26 0.05 5.2 
55408 968 0.30 0.03 10.0 
55409 991 0.25 0.04 6.3 
55410 1012 0.38 0.06 6.3 
55411 1020 
55412 1029 0.61 0.06 10.2 
55413 1044 
55414 1059 1.01 0.06 16.8 
55415 1082 
55416 1113 0.55 0.08 6.9 
391 
Site 6 Site 7 
Xotal total Total 
Depth Carbon Nitrogen C/N Depth Carbon Nitrogen C/H 
Sample (cm) % % ratio Sample (an) % % ratio 
55417 1143 53613 189 0'.14 
55418 1189 0.90 0.07 12.9 53614 206 0.18 
55419 1265 53615 225 0.14 
55421 1356 0.89 0.08 11.1 53616 243 0.20 
55422 1448 53617 260 0.09 
55423 1524 0.64 0.05 12.8 53618 277 0.09 
55424 1580 53619 288 0.11 
55425 1641 0.33 0.01 33.0 53621 302 0.09 
55426 1707 53622 334 0.03 
55427 1768 0.23 0.01 23.0 53623 356 0.03 
55428 1814 0.20 0.03 6.7 53624 375 0.04 
55429 1844 0.19 0.02 9.5 53625 394 0.04 
55430 1875 0.37 0.06 6.2 53626 410 0.03 
55431 1920 0.25 0.03 8.3 53627 425 0.04 
55432 1981 0.51 0.04 12.8 53628 443 0.03 
55434 2027 0.65 0.05 13.0 53629 460 0.05 
55435 1.26 0.06 21.0 53630 
53631 
500 
522 
0.04 
53«32 
53633 
53634 
53635 
53636 
53637 
53638 
53639 
53641 
53642 
53643 
53644 
53645 
53646 
53647 
5364B 
53649 
53650 
53651 
53652 
53653 
55341 
55342 
55343 
55344 
55345 
55346 
55347 
55348 
55349 
55350 
55351 
55352 
392 
Site 8 
Total Total 
site 8 
tTotal 
Depth 
(cm) 
207 
221 
236 
250 
269 
286 
305 
326 
348 
370 
391 
411 
429 
446 
464 
483 
504 
528 
554 
580 
622 
0.13 
0.11 
0.06 
Carbon 
t 
Nitrogen 
t 
C/N 
ratio . Sample 
Depth 
(cm) 
Carbon 
% 
0.13 55358 1097 0.08 
0.19 55359 1128 
0.21 55361 1158 0.11 
0.25 55362 1189 
0.25 55363 1219 0.09 
0.20 55364 1250 
0.15 55365 1280 0.06 
0.16 55366 1341 
0.13 55367 1372 0.20 
0.12 55368 1402 
55369 1433 0.19 
0.12 55370 1463 
55371 1524 1.37 
0.12 55372 1554 
Total 
Nitrogen 
% 
Sample 
Depth 
(CO) 
site 9 
Total Total 
Carbon Hltrogen 
« i 
0.06 53493 89 0.22 
664 53494 105 0.20 
686 O.OB 53495 124 0.16 
716 53496 151 0.13 
732 0.84 53497 174 0.13 
747 53498 193 0.10 
762 0.22 53499 212 0.09 
786 53501 230 0.10 
806 0.08 53502 254 0.12 
823 53503 282 0.06 
853 0.11 53504 310 0.08 
884 53505 342 0.03 
914 0.06 53506 371 0.02 
945 53507 398 0.08 
975 0.15 53508 431 0.04 
1006 53509 471 0.04 
1036 0.11 53510 507 0.04 
1067 53511 531 0.07 
53512 554 0.05 
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APPENDIX E: 
FREE OXDIES AND RATIOS OF FejFe^, Mnd/Mnt, Ald/Al,., Sid/Si^ 
394 
SITEO 
CBD Extract (<2mm) Ratio of CBD to Total (<2mm) 
Depth 
Fe Mn Al Si Fed/Fet IVInd/Mnt Ald/AltX 
100 
Sid/Sit X 
1000 
Sample Midpt 
("1 g/leg rng/kq g/kg mg/kg • -
55402 0.84 8.21 62.9 160 46.8 0.21 0.66 2.1 1.8 
55403 0.99 8.22 70.8 1.66 73.8 0.20 0.67 2.1 2.9 
55404 1.14 7.87 117.2 1.23 47.0 0.20 0.64 1.7 1.8 
55405 1.30 7.45 79.1 1.02 67.0 0.20 0.79 1.4 2.7 
55405 1.45 5.58 64.7 0.47 61.1 
55379 1.68 8.29 59.2 0.81 54.9 0.25 0.71 1.2 2.1 
55381 1.98 6.24 45.1 0.56 62.7 0.19 0.39 0.9 2.4 
55382 2.29 6.65 82.6 0.59 83.0 0.23 0.88 0.9 3.1 
55383 2.51 5.85 10.4 0.47 69.9 0.19 0.35 0.8 2.7 
55384 2.65 4.66 5.6 0.48 78.8 0.16 0.30 0.7 3.0 
55385 2.76 6.22 9.9 0.55 65.3 0.24 0.47 1.0 2.3 
55387 2.90 8.66 68.1 0.57 48.9 0.31 0.9 1.8 
55388 3.02 6.55 27.5 0.88 68.5 0.25 0.72 1.6 2.4 
55389 3.20 4.63 29,1 0.81 53.2 0.17 0.66 1.4 2.0 
55390 3.51 6.04 7.5 1.04 87.7 0.19 0.55 1.5 3.3 
55391 3.89 1.33 1.9 0.76 81.0 0.05 0.24 1.2 3.0 
55392 4.34 2.35 2.1 0.54 66.3 0.10 0.25 0.9 2.3 
55393 4.72 0.73 35.7 0.52 59.6 0.04 0.84 0.9 2.1 
55394 5.03 4.71 25.1 0.50 52.3 0.21 0.92 0.9 1.6 
55395 5.41 13.46 26.6 0.87 47.9 0.47 0.90 1.5 1.3 
55396 5.87 12.54 18.8 0.80 55.9 0.44 0.30 1.4 1.8 
55399 7.47 18.10 18.1 0.47 93.1 0.45 0.35 0.9 3.6 
55401 7.92 14.56 19.4 0.42 100.1 0.42 0.55 0.8 4.4 
SITE1 
CBD Extract (<2mm) 
Depth Fe Mn Al 
Si 
Sample Miapt 
(m) 3/kg mg/kg g/kg mg/kg 
53573 2.22 7.40 56.1 0.69 86.4 
53574 2.36 7.50 59.0 0.85 86.7 
53575 2.50 8.87 63.0 0.82 75.1 
53576 2.64 7.97 48.6 0.74 69.8 
53577 2.97 7.31 30.1 0.73 50.6 
53578 3.09 5.71 8.3 0.85 46.9 
53579 3.20 11.60 7.1 1.59 63.9 
53581 3.38 20.12 2.5 2.23 94.3 
53583 3.77 16.95 1.9 1.82 96.0 
53584 3.87 11.92 2.4 1.28 107.0 
SITE 
CBD Extract (-^ 211^ )^ 
Depth Fe Mn Al Si 
Sample Midpt (m) g/kg mg/kg g/kg ag/kg 
53585 0.94 8.08 23.8 1.92 89.0 
53586 1.05 8.28 11.2 2.04 98.5 
53587 1.17 7.88 61.2 1.37 104.2 
53588 1.27 7.74 63.0 1.24 104.5 
53589 1.40 7.71 84.9 0.34 25.3 
53590 1.55 6.20 40.2 1.00 77.5 
53591 1,69 6.36 30.6 0.95 47.4 
53592 1.79 8.99 10.0 1.39 70.9 
53593 1.91 13.79 8.1 1.82 84.5 
53594 2.06 13.21 4.1 1.54 81.4 
53595 2.20 11.91 1.4 1.22 101.5 
53596 2.32 12.03 2.7 1.26 98.9 
Ratio of CBD to Total (<2mm) 
fr .. ». Aid/Alt X Sid/Sit X 
Fea/Fct Miid/Mnt  ^100 1000 
0.25 a.59 1.1 3.2 
0.28 0.77 1.6 3.0 
0.32 0.52 1.5 2.5 
0.40 0.89 1.8 2.2 
0.37 0.96 1.7 1.6 
0.22 0.42 1.5 1.6 
0.31 0.38 2.4 2.3 
0.35 0.18 2.8 3.9 
0.36 0.18 2.5 3.8 
0.30 0.17 1.9 4.0 
Ratio of CBD to Total (<2mm) 
,r. .. AJd/AltX Si<t/SjtX 
Fed/Fet 
0.24 0.48 2.8 3.4 
0.24 0.36 2.9 3.8 
0.24 0.58 2.1 4.0 
0.25 0.59 1.9 3.9 
0.30 0.62 0.6 0.9 
0.25 0.51 1.9 2.7 
0.37 0.48 2.1 1.5 
0.34 0.34 2.3 2.5 
0.35 0.31 2.4 3.4 
0.33 0.20 2.0 3.3 
0.35 0.10 2.0 3.9 
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SITES 
CBD Extract (<2mm) Ratio of CBD to Total (<2mm) 
Depth 
Fe Mn Al Si Fe<t/Fet Mnd/Mnt MId/MIt A 
100 
Old/Olt A 
1000 
Sample Midpt 
In) g/kg ng/kg g/kg Bg/kg -.•.•.•.'•.•.TS-.V, 
53597 1.91 8.45 23.8 1.05 80.2 0.29 0.59 1,8 3.0 
53598 2.06 9.86 60,2 1.28 64.7 0.38 0.76 2,5 2.2 
53599 2.24 10.37 53.8 1.66 82.3 0.42 0.71 3,4 2.8 
53601 2.41 12.39 49.0 1.65 67.7 0.44 0.83 3,2 2.4 
53602 2.58 13.82 52.4 2.04 64.4 0,45 0.81 2,7 2.3 
53603 2.82 16.82 64.6 2.14 91.9 0.55 0.91 3.9 3.2 
53604 3.01 11.55 36,6 1.52 65.1 0.39 0.73 2,7 2.3 
53605 3.20 12.76 52.2 1.74 73.8 0.43 0.80 3,1 2.6 
53606 3.43 8.06 14,6 1.61 76.9 0.30 0.54 2,7 2.7 
53607 3.68 9.35 12,8 1.87 69.1 0.34 0.61 3.2 2.4 
53608 3.89 12.84 113,2 2.36 82.6 0.40 0.70 4,2 2.9 
53609 4.04 9.06 65,3 1.88 68.3 0.33 0.72 3,2 2.1 
53610 4.22 8.69 87,0 1.70 67.4 0.31 0.63 3,0 2.0 
53611 4.45 7.56 72.6 1.59 58.9 0.29 0,70 2.8 1.7 
53612 4.70 15.45 42.8 1.07 31.4 
397 
SITE 4 
CBD Extract (<2ninj) Ratio of CBD to Total (<2mni) 
Depth 
Pe Mn Al Si Fe«ffe, Mtv/Mni awaicx 100 
SWSii x 
1000 
Sample Midp' 
tm) og/kg g/kg mgykg 
53547 2.18 16.03 25.2 1.43 102.9 0.54 0.62 2.3 32. 
53548 2.36 11.20 15.4 0.52 95.4 0.40 0.38 0.9 2.9 
S3S50 2.73 18.85 41.4 1.75 105.6 0.68 0.80 3.1 32 
53551 2.88 18.13 82.2 2.90 76.1 0.65 5.1 22 
53552 3.05 6.96 15.9 1.36 66.8 027 0.49 2.4 1.9 
S3553 3i3 9.66 79.7 0,98 53.7 0.32 0.79 1.5 1.6 
53554 3.43 12.61 97.5 1.21 5S.4 0.36 0.78 1.9 1,6 
53555 3.78 12.69 109.8 1.22 56.0 0.35 0.79 1.8 1.7 
S3556 4.23 6,55 40.8 0.67 69.3 021 0.76 12 2.5 
53557 4.58 9.95 55.0 0.74 58.5 0.30 0.77 1.3 2.0 
53558 4.90 10.94 171.3 0.87 62.8 0.35 0.81 1.5 22 
53559 5.C35 9.15 21.0 0.72 59.4 0.30 0.83 1.3 2.0 
53561 5.22 4.69 22.3 0.56 77.3 0.19 1.0 2.3 
53562 5.44 1.94 2.5 0.50 90.8 0.11 028 1.0 2.7 
53563 5.72 1.21 2.0 0.51 85.3 0.07 021 1.0 2.9 
53S65 6.62 7.91 72 0.52 412 0.40 0.58 12 13 
53566 6.77 8.19 6.9 0.58 40.9 
SITES 
0.31 021 1.1 1.4 
CBD Extract (<2mm) Ratio of CBD to Total (<2mm) 
Depth 
Fe Mn Al Si FCd/Fe, Mn^Mnt awalix 100 
Sig^iix 
1000 
Sample MiupK g/kg ng/kg g/kg mg/kg 
534S1 2.22 12.37 69.8 0.86 77,9 0.34 0.57 1.4 3.1 
53462 2.34 10.48 37.7 0,84 67.9 0.33 0.50 1.4 2.6 
53463 2.50 9.94 33.7 0.95 61.3 0.37 0,81 1.8 22 
53464 2.74 9.49 11.5 1.04 70.8 0.35 0.54 1.9 2.5 
53465 258 6.31 6.5 0.78 40.4 0.25 0.50 1,3 1.5 
53466 3i0 9.29 28.3 0.96 45.9 028 024 1,5 1.7 
53467 3.44 11.34 161.1 1.06 49.6 0.34 1.6 1.9 
53468 3.B7 8.94 76.4 0.87 51.6 026 0.79 1.4 ZO 
53469 3.87 5.34 272 0.67 SOJ 0.17 0.55 1.0 1.9 
53470 4.04 10.87 391.2 0.90 67.4 0.30 0.81 1.6 2.6 
53472 4.36 1.74 5.6 0.47 59.0 0.08 0.43 0.8 22 
53474 5.23 9.25 86.6 0.65 36,2 0.37 0.91 13 1.3 
53475 5.40 2.17 128.8 0,44 66,0 0.11 0.68 0.8 2.4 
53475 5.52 4.49 19.4 0.39 40.6 0.26 0.77 0.8 1.4 
53478 5.92 2.50 11.9 028 332 0.17 0.63 0.7 1.1 
53479 6.10 14.05 44.7 0.68 36.9 0.47 0.71 1.5 13 
53481 6.36 9.48 23.7 0.52 33.0 0.44 0.75 1.3 1.0 
398 
SITES 
CBD Extract (<2fnm) Ratio of CBD to Total (<2min) 
Oepth 
Fe Mn Al Si FeVFei Mrid/Mnt AWAliX 
100 
SWSit: 
1000 
Sample Midpt 
SijMif;: ,ag/ltg.. mg/kg '.•.•.•/.•.•.•.•.v. v.* V A-
53513 2.19 7.45 26.0 0.69 54.5 0.26 0.37 1.2 •- 2.0 
53514 2.36 7.14 63.0 0.72 44.3 0.32 0.62 1.6 1.5 
53515 2.57 6.77 31.4 0.80 45.3 0.28 0.55 1.5 1.5 
53516 2.76 7.37 38.6 0.88 42.7 0.27 0.51 1.5 1.5 
53517 2.86 8.07 32.4 0.98 51.0 0.27 0.05 1.5 1.9 
53518 2.97 9.43 81,4 1.09 54.9 0.25 0.86 1.4 2.2 
53521 3.18 8.63 26.1 0.95 63.6 0.21 0.82 1.2 2.5 
53522 3.43 7.08 5.3 0.81 85.1 0.19 0.42 1,0 3.4 
53524 3.98 6.93 5.0 0.54 55.4 0.31 0.40 1,1 1.9 
53525 4.22 7,30 5.6 0.54 62.4 0.33 0.44 1.2 2.1 
53526 4.53 9.04 12.2 0.68 65.3 0.27 0.48 1.0 2.5 
53528 5.11 11.49 21.7 0.77 59.4 0.34 0.86 1.2 2.3 
53529 5.32 9.20 7.2 0.66 57.5 0.30 0.57 1.0 2.2 
53530 5.58 5.54 6.4 0.39 30.6 0.14 0.34 0.5 1.2 
53531 5.82 10.87 11.7 0.79 55.3 0.26 0.62 1.0 2.3 
53532 6.03 7.12 11.7 0.54 54.7 
53533 6.40 7.12 11.7 0.53 54.6 
SITE 7 
" CBD Extract (<2mm) Ratio of CBD to Total |<2mni) 
Depth 
Fe Mn A) Si Fedffe, Mn^/Mnt Alg/Ali X 
100 
sysi, 
1000 
Sample Midpt gAg mg/kg g/kg. ng/kg 
53613 1.89 5.30 48.0 0.54 78.7 0.20 0,9 3.0 
53616 2.06 9.42 64.5 1.05 39.0 0.37 1.00 1,9 1.4 
53617 2.25 9.66 4.9 1.08 46.7 0.42 0.07 2.2 1.6 
53619 2.88 10,03 6.6 1.10 47.7 0.35 0.07 1.8 1.8 
53621 3.02 9.47 2.5 0.80 54.7 0.27 0.18 1.1 2.1 
53622 3.34 12.46 5.8 0.63 72.7 0.37 0.40 1,3 2.6 
53S23 3.5S 2,76 0.5 0.47 70.0 0.09 0.06 0,9 2.4 
53624 3.75 223 0.3 0.45 56.1 0.07 0.03 0,9 1.9 
53S25 3.94 6.53 4.7 0.53 57.0 
53626 4.10 5.91 16.7 0.45 31.8 0.35 0.9 1.1 
53627 4.25 5.69 16.6 0.44 32.1 
53628 4.43 6.55 6.3 0.58 66.7 0.33 0.24 1.2 2.2 
53629 4.60 6.32 6.8 0.53 55.1 0.20 0.24 0.7 2.1 
53630 5.C0 6,43 6.5 0.55 60.9 0,19 0.36 0.7 2.4 
53631 5.22 10.08 17.3 0.63 52.5 0,26 0.56 0.8 2.0 
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SITES 
CBD Extract •(<2mni) Ratio of CBD to Total (<2nim) 
Depth 
Fe Mn Ai SI Fea/Fe, Mnd/Mrit 
100 1000 
Sample Midpt g/kg Dg/kg g/kg mg/kg 
53636 Z69 5.65 6.4 0.58 33.2 0.29 0.38 1.3 1.1 
53637 2.86 4.46 7.3 0.56 34.2 0.23 0.43 1.2 0.9 
53638 3.05 3.95 17.6 0.60 423 0.18 0.54 1.1 1.1 
53639 3.26 3.39 14.6 0.64 85.9 0.14 0.61 1.1 2.3 
53641 3.48 3.57 15.7 0.68 109.8 
53642 3.70 4.04 14.5 0.62 111.2 0.14 0.55 1.1 3.1 
53643 3.91 2.82 4.0 0.61 111.5 
53644 4.11 3.32 8.6 0.59 106.9 0.13 0.44 1.1 3.0 
53645 4.29 3.83 27.2 0.59 93.6 0.14 0.62 1.1 2.6 
53646 4.46 4.08 34.8 0.58 103.4 0.16 0.74 1.1 2.8 
53647 4.64 3.64 37.2 0.60 116.8 
53648 4.83 4.22 99.0 0.56 92.9 
53649 5.04 4.51 73.4 0.53 90.7 
53650 5.28 5.33 18.1 0.43 75.8 
53651 5.54 4.04 9.2 0,38 73.7 0.24 0.50 0.9 1.9 
53653 6.22 0.90 7.1 0.17 28.6 0.13 0.48 0.6 0.7 
SITES 
CBD Extract (<2mm) Ratio of CBD to Total (<2min) 
rr .. »1 Aid/Alt X Sid/S}, X 
Fe Mn Al SI Fed/Fct Mnd/Mnt „ 
Depth ]|00 1000  
Sample Midpt 
wiiMwi 
g/kg mg/kg 9/ks mg/kg 
53493 0.89 7.68 53.9 0.66 48.8 
53494 1.05 7.46 26.9 0.64 59.0 
53495 1.24 5.87 26.5 0.48 26.7 
5349B 1.51 5.37 18.1 0.55 223 
53497 1.74 5.46 31.4 0.63 27.9 
53498 1.93 4.85 15.0 0.55 27.2 
53499 2.12 4.71 10.3 0.53 26.7 
53501 230 5.73 24.4 0.62 43.3 
53502 254 5.91 24.0 0.63 56.5 
53505 3.42 3.72 120 0.29 22,4 
53511 5.31 2.36 5.8 0.17 13.2 
400 
APPENDIX F; 
ELEMENTAL ANALYSIS DATA OF <2-inm SAMPLES 
s i te  0 
Samole Si A1 Fe Mn Ma Ca Ba Na K Li P Ti Sr Zn Total 
% 
55402 25 .40  7 .51  3 .98  0 .10  0 .79  0 .50  0 .08  0 .10  1 .99  0 .004 0 .05  0 .3558 0 .012 0-010 40 .9  
55403 25 .84  8 .03  4 .05  0 .11  0 .83  0 .52  0 .08  0 .53  1 .80  0 .003 0 .05  0 .3638 0 .012 0 .007 42 .2  
55404 26 .37  7 .32  4 .00  0 .18  0 .81  0 .56  0 .08  0 .18  1 .55  0 .003 0 .07  0 .3600 0 .013 0 .010 41 .5  
55405 25 .28  7 .04  3 .72  0 .10  0 .77  0 .57  0 .05  0 .15  0 .77  0 .002 0 .07  0 .3693 0 .013 0 .007 38 .9  
55379 26 .04  6 .75  3 .32  0 .08  0 .76  0 .74  0 .09  0 .22  2 .25  0 .004 0 .10  0 .3610 0 .017 0 .009 40 .7  
55381 26 .65  6 .52  3 .26  0 .12  0 .72  0 .73  0 .09  0 .22  1 .92  0 .003 0 .10  0 .3657 0 .017 0 .009 40 .7  
55382 26 ,62  6 .29  2 ,85  0 .09  0 .64  0 .72  0 .09  0 .23  1 .82  0 .003 0 .08  0 .3655 0 .018 0 .007 39 .8  
55383 26 .18  6 .18  3 .06  0 .03  0 .69  0 .71  0 .08  0 ,24  2 .05  0 .004 0 .07  0 .3653 0 .017 0 .007 39 .7  
55384 26 .09  6 .44  2 .90  0 .02  0 .70  0 .66  0 .06  0 .24  1 .46  0 .002 0 .06  0 .3719 0 .017 0 .006 39 .0  
55385 27 .97  5 ,55  2 .60  0 ,02  0 .50  0 .58  0 .07  0 .17  1 .94  0 .004 0 .06  0 .3663 0 .013 0 .005 39 .8  
55387 27 .08  6 .31  2 .81  0 .02  0 .65  0 .66  0 .08  0 .20  1 .83  0 .003 0 .07  0 .3747 0 .015 0 .008 40 .1  
55388 28 .24  5 .48  2 .59  0 .04  0 .40  0 .43  0 .05  0 .01  1 .99  0 .006 0 .04  0 .3765 0 .008 0 .009 39 .7  
55389 27 .18  5 .98  2 .79  0 .04  0 .43  0 .44  0 .05  0 .00  0 .77  0 .004 0 .02  0 .3356 0 .008 0 .005 38 .0  
55390 26 .87  6 .82  3 ,24  0 .01  0 .50  0 .48  0 ,04  0 .00  0 .25  0 .001 0 .02  0 .3384 0 .007 0 .004 38 .6  
55391 26 .90  6 .44  2 .47  0 .01  0 .47  0 .48  0 ,04  0 .00  1 .29  0 .004 0 .03  0 ,3918 0 .008 0 .005 38 .5  
55392 28 .79  5 ,87  2 .45  0 .01  0 ,37  0 .49  0 ,05  0 .07  0 .82  0 .002 0 .02  0 .3050 0 .010 0 .006 39 .3  
55393 28 .20  5 ,69  2 .06  0 .04  0 ,38  0 .50  0 .05  0 .10  1 .51  0 .003 0 .02  0 .2700 0 .011 0 .002 38 .8  
55394 32 .91  5 .35  2 .28  0 .03  0 ,32  0 ,53  0 .05  0 .42  1 .39  0 .002 0 .05  0 .2761 0 .013 0 ,001 43 .6  
55395 35 .64  5 .77  2 .87  0 .03  0 ,50  0 ,64  0 .07  0 .46  1 .50  0 .003 0 .06  0 .2991 0 .014 ,0 .002 47 .8  
iS396 31 .29  5 .56  2 .82  0 .06  0 .39  0 .59  0 .06  0 .27  1 .36  0 ,004 0 .07  0 .2961 0 .014 0 .002 42 .8  
55399 29 .42  5 .23  3 .02  0 .04  0 .34  0 .49  0 .05  0 ,20  1 .60  0 .003 0 .06  0 .2746 0 .014 0 .004 40 .8  
55401 25 .63  5 ,34  2 ,64  0 .03  0 .93  4 .07  0 ,04  0 ,12  1 .42  0 .003 0 .07  0 .2999 0 .014 0 .004 40 .6  
SITE 1 
Sample Si A1 Fe Mn Mcr Ca Ba Li Na K P Ti Sr Zn Total 
% -
53573 27.1 6.3 3.01 0.09 0.65 0.54 0.07 0.00 0.25 1.43 0.12 0.37 0.017 0.007 40.0 
53574 28.4 5.3 2.64 0.08 0.46 0.45 0.07 0.00 0.19 1.92 0.09 0.31 0.014 0.003 40.0 
53575 29.1 5.4 2.76 0.12 0.49 0.45 0.07 0.00 0.20 1.62 0.10 0.31 0.014 0.004 40.6 
53576 31.2 4.0 1.99 0.05 0.27 0.30 0.06 0.00 0.13 1.34 0.05 0.31 0.012 0.005 39.8 
53577 31.1 4.2 1.98 0.03 0.25 0.27 0.05 0.00 0.07 0.81 0.02 0.31 0.010 0.001 39.1 
53578 29.2 5.5 2.99 0.02 0.35 0.33 0.04 0.00 0.07 1.44 0.04 0.30 0.009 0.003 40.3 
53579 27.4 6.6 3.71 0.02 0.41 0.33 0.04 0.00 0.00 0.92 0.05 0.32 0.009 0.004 39.7 
53582 24.1 8.0 5.67 0.01 0.57 0.47 0.05 0.00 0.01 0.71 0.07 0.34 0.011 0.007 40.0 
53583 25.3 7.2 4.77 0.01 0.50 0.41 0.04 0.00 0.04 1.01 0.06 0.32 0.011 0.003 39.7 
53584 27.0 6.7 3.99 0.01 0.47 0.42 0.04 0.00 0.09 1.23 0.04 0.31 0.012 0.004 40.3 
SITE 2 
Sample Si A1 Fe Mn Mq Ca Ba Li Na K P Ti Sr Zn Total 
53585 26.2 7.0 3.41 0.05 0.71 0.36 0.08 0.00 0.14 1.73 0.11 0.37 0.014 0.008 40.1 
53586 25.8 7.1 3.48 0.03 0.73 0.36 0.07 0.00 0.12 1.76 0.08 0.37 0.012 0.007 40.0 
53587 26.2 6.6 3.26 0.11 0.68 0.45 0.08 0.00 0.19 1.78 0.10 0.36 0.015 0.006 39.9 
53588 26.5 6.6 3.15 0.11 0.68 0.53 0.09 0.00 0.23 1.82 0.11 0.37 0.017 0.005 40.3 
53589 28.3 5.5 2.58 0.14 0.49 0.40 0.08 0.00 0.19 1.72 0.06 0.33 0.014 0.004 39.8 
53590 28.8 5.4 2.49 0.08 0.49 0.40 0.07 0.00 0.18 1.28 0.06 0.32 0.014 0.003 39.6 
53591 30.2 4.4 1.72 0.06 0.28 0.26 0.05 0.00 0.09 0.89 0.04 0.30 0.010 0.001 38.3 
53592 28.0 6.0 2.65 0.03 0.39 0.34 0.05 0.00 0.06 0.81 0.05 0.32 0.010 ,0.005 38.7 
53593 .25.1 7.7 3.91 0.03 0.61 0.45 0.05 0.01 0.02 1.97 0.01 0.33 0.011 '0.006 40.2 
53594 24.6 7.7 4.00 0.02 0.55 0.65 0.05 0.00 0.28 1.25 0.03 0.30 0.021 0.007 39.5 
53595 25.9 6.1 3.41 0.01 0.48 0.41 0.04 0.00 0.07 1.99 0.06 0.29 0.011 0.004 38.8 
( 
I 
SITE 3 
Sample Si Al Fe Mn Mg Ca Ba lil Na K P Ti Sr Zn Total 
% 
53597 26.97 5.97 2.93 0.04 0.55 0.52 0.06 0.004 0.211 1.975 0.052 0.354 0.014 0.007 39.7 
53598 28.86 5.06 2.57 0.08 0.43 0.39 0.09 0.004 0.156 1.620 0.051 0.358 0.013 0.003 39.7 
53599 29.51 4.84 2.49 0.08 0.35 0.34 0.05 0.003 0.048 0.583 0.067 0,338 0.010 0.002 38.7 
53601 28.48 5.23 2.81 0.06 0.40 0.35 0.05 0.006 0.085 2.375 0.052 0.328 0.010 0.004 40.2 
53602 28.01 7.49 3.10 0.06 0.34 0.34 0.05 0.005 0.018 1.474 0.040 0.332 0.009 0.004 41.3 
53603 28.52 5.44 3.04 0.07 0.34 0.33 0.04 0.004 0.015 1.805 0.032 0.326 0.009 0.003 40.0 
53604 28.33 • 5.61 2.97 0.05 0.37 0.35 0.04 0.005 0.014 1.571 0.047 0.342 0.009 0.008 39.7 
53605 28.22 5.68 2.99 0.07 0.35 0.33 0.05 0.005 0.000 1.835 0.031 0.314 0.008 0.004 39.9 
53606 28.14 5.91 2.66 0.03 0.39 0.38 0.05 0.002 0.000 0.874 0.031 0.334 0.008 0.002 38.8 
53607 28.21 5.79 2.71 0.02 0.35 0.34 0.03 0.002 0.000 0.396 0.020 0.304 0.008 0.006 38.2 
53608 28.05 5.66 3.21 0.16 0.36 0.37 0.05 0.002 0.000 0.513 0.015 0.328 0.008 0.003 38.7 
53609 33.22 5.83 2.78 0.09 0.34 0.39 0.04 0.006 0.098 1.711 0.016 0.329 0.009 0.002 44.9 
53610 33.92 5.68 2.76 0.14 0.30 0.39 0.04 0.002 0.141 0.335 0.019 0.338 0.009 0.010 44.1 
53611 34.35 5.62 2.57 0.10 0.33 0.41 0.05 0.006 0.199 2.005 0.026 0.336 0.010 0.003 46.0 
o 
Ui 
SITE 4 
1 
ainpl Si Al Fa: Mn Mg Ca Ba' Li. Na; K. P Ti Sr Zn> Total 
% 
53546 35.33 6.05 4.22 0.12 0.37 0.42 0.05 0.003 0.178 1.239 0.038 0.383 0.010 0.002 48.4 
53547 32.48 6.22 2.95 0.03 0.55 0.57 0.06 0.004 0.447 1.250 0.054 0.385 0.014 0.003 45.0 
53548 33.07 5.71 2.79 0.04 0.42 0.43 0.05 0.004 0.265 1.096 0.053 0.362 0.011 0.003 44.3 
53549 33.74 5.56 2.51 0.03 0.33 0.38 0.06 0.006 0.189 2.022 0.043 0.351 0.010 0.003 45.2 
53550 33.39 5.73 2.78 0.05 0.37 0.36 0.04 0.004 0.107 0.773 0.018 0.352 0.009 0.002 44.0 
53551 34.22 5.66 2.79 0.04 0.38 0.37 0.04 0.002 0.178 0.051 0.029 0.338 0.009 0.021 44.1 
53552 35.16 5.69 2.61 0.03 0.37 0.37 0.04 0.005 0.232 1.523 0.023 0.353 0.009 0.009 46.4 
53553 33.70 6.42 3.04 0.10 0.40 0.37 0.05 0.003 0.000 2.509 0.038 0.371 0.009 0.008 47.0 
53554 33.62 6.41 3.51 0.12 0.34 0.32 0.02 0.005 0.192 1.221 0.030 0.333 0-007 0.010 46.2 
53555 32.30 6.62 3.62 0.14 0.47 0.41 0.05 0.005 0.096 1.501 0.069 0.340 0.008 0.014 45.6 
53556 27.62 5.81 3.13 0.05 0.44 0.38 0.04 0.003 0.031 1.351 0.018 0.317 0.009 0.008 39.2 
53557 29.14 5.62 3.37 0.07 0.37 0.35 0.03 0.004 0.105 1.435 0.037 0.320 0.008 0.005 40.9 
53558 28.09 5.64 3.14 0.21 0.37 0.33 0.04 0.002 0.107 0.593 0.034 0.320 0.008 0.007 38.9 
53559 29.09 5.75 3.00 0.03 0.42 0.35 0.03 0.005 0.119 1.855 0.042 0.299 0.009 0.007 41.0 
53561 34.08 5.70 2.47 0.02 0.40 0.39 0.03 0.004 0.279 1.649 0.034 0.298 0.009 0.005 45.4 
53562 33.78 5.17 1.79 0.01 0.34 0.39 0.03 0.003 0.249 1.347 0.023 0.267 0.010 0.013 43.4 
53563 29.29 5.28 1.79 0.01 0.34 0.39 0.03 0.004 0.087 1.420 0.014 0.282 0.010 0.014 39.0 
53564 28.79 4.93 2.30 0.01 0.30 0.35 0.03 0.003 0.086 1.273 0.038 0.288 0.009 0.017 38.4 
53565 30.52 4.37 1.98 0.01 0.27 0.40 0.03 0.002 0.148 1.254 0.037 0.188 0.011 0.008 39.2 
53566 28.44 5.20 2.63 0.03 0.34 0.37 0.03 0.003 0.074 1.369 0.030 0.299 0.009 0.008 38.8 
53567 28.27 5.56 2.78 0.01 0.40 0.40 0.03 0.004 0.090 1.366 0.042 0.322 0.009 0.011 39.3 
53568 25.02 7.66 4.02 0.01 0.63 0.48 0.04 0.005 0.000 1.590 0.035 0.375 0.008 0.008 39.9 
•p> 
o 
SITE 6 
Sample Si Al Fe Mn Mg Ca Ba Li K Na P Ti Sr Zn Total 
% 
53513 26.92 5.77 2.87 0.07 0.54 0.52 0.063 1.469 0.107 0.007 0.031 0.389 0.017 0.056 38.8 
53514 29.68 4.50 2.24 0.10 0.32 0.30 0.045 1.162 0.051 0.007 0.026 0.406 0.008 0.048 38.9 
53515 29.87 5.19 2.45 0.06 0.31 0,29 0.018 1.154 0.042 0.007 0.017 0.415 0.008 0.032 39.9 -
53516 28.33 5.77 2.73 0.08 0.32 0.35 0.018 1.079 0.014 0.007 0.022 0.406 0.008 0.040 39.2 
53517 26.50 6.62 3.01 0.60 0.36 0.47 0.018 0.888 0.000 0.007 0.013 0.398 0.008 0.024 38.9 
53518 24.73 7.62 3.71 0.09 0.44 0.59 0.027 0.988 0.000 0.007 0.009 0.380 0.008 0.016 38.6 
53521 25.19 8.04 4.06 0.03 0.49 0.65 0.027 0.838 0.000 0.007 0.013 0.380 0.008 0.024 39.8 
53522 25.38 7.78 3.78 0.01 0.50 0.63 0.027 1.187 0.000 0.007 0.013 0.389 0.008 0.024 39.7 
53523 25.85 6.62 3.43 0.01 0.43 0.44 0.018 1.461 0.056 0.000 0.013 0.337 0.008 0.024 38.7 
53524 29.12 4.71 2.24 0.01 0.38 0.25 0.018 0.863 0.074 0.007 0.017 0.259 0.008 0.032 38.0 
53525 29.54 4.66 2.24 0.01 0.37 0.27 0.018 1.195 0.037 0.007 0.022 0.251 0.008 0.040 38.7 
53526 25.85 6.77 3.36 0.03 0.44 0.46 0.027 1.519 0.014 0.007 0.039 0.389 0.008 0.072 39.0 
53527 24.26 7.57 3.99 0.04 0.49 0.59 0.036 1.594 0.042 0.007 0.044 0.406 0.008 0.080 39.2 
53528 26.13 6.56 3.36 0.03 0.46 0.45 0.027 1.312 0.056 0.007 0.044 0.398 0.008 0.080 38.9 
53529 26.55 6.30 3.08 0.01 0.47 0.42 0.018 1.436 0.000 0.007 0.035 0.380 0.008 0.064' 38.8 
53530 24.82 7.89 4.06 0.02 0.56 0.63 0.018 1.478 0.014 0.007 0.048 0.432 0.008 0.088 40.1 
53531 23.56 8.20 4.13 0.02 0.59 0.65 0.027 1.511 0.005 0.007 0.035 0.432 0.008 0.064 39.2 
55410 21.08 9.00 4.90 0.02 1.21 0.84 0.045 1.561 0.005 0.007 0.070 0.450 0.008 0.129 39.3 
55417 22.34 8.26 3.71 0.03 1.59 0.84 0 .054 1.760 0.000 0.007 0.057 0.432 0.008 0'.104 39.2 
55424 25.71 6.09 3.43 0.07 0.66 0.45 0.027 1.619 0.065 0.007 0.083 0.354 0.008 0.153 38.7 
55430 26.64 5.19 3.29 0.03 0.65 0.35 0.018 1.494 0.084 0.007 0.092 0.303 0.008 0.169 38.3 
55434 21.60 9.31 4.27 0.04 0.41 0.90 0.036 2.607 0.060 0.015 0.100 0.510 0.008 0.185 40.1 
SITE 5 
ampl Si Al Fo Mn Mg ca Ba 111 Na K P Ti Sr Zn Total 
% 
53461 25.32 6.05 3.63 0.12 0.56 0.65 0.04 0.001 0.236 0.935 0.091 0.355 0.015 0.008 38.0 
53462 26.42 6.02 3.19 0.08 0.46 0.53 0.03 0.005 0.181 2.035 0.081 0.359 0.012 0.008 39.4 
53463 28.15 5.37 2.66 0.04 0.36 0.36 0.03 0.004 0.104 1.196 0.041 0.357 0.009 0.006 38.7 
53464 27.93 5.52 2.67 0.02 0.32 0.31 0.03 0.003 0.032 0.861 0.055 0.341 0.008 0.003 38.1 
53465 27.53 5.84 2.50 0.01 0.37 0.31 0.03 0.005 0.007 1.566 0.051 0.335 0.007 0.008 38.6 
53466 26.42 6.46 3.37 0.12 0.42 0.33 0.03 0.004 0.000 1.116 0.040 0.332 0.007 0.013 38.7 
53467 26.62 6.50 3.38 0.12 0.46 0.36 0.05 0.004 0.000 1.612 0.043 0.328 0.007 0.008 39.5 
53468 26.22 6.42 3.39 0.10 0.42 0.36 0.02 0.003 0.000 0.960 0.028 0.298 0.007 0.007 38.2 
53469 26.32 6.60 3.16 0.05 0.44 0.39 0.02 0.005 0.004 1.823 0.020 0.309 0.007 0.006 39.2 
53470 26.42 5.71 3.57 0.48 0.45 0.35 0.03 0.001 0.019 0.615 0.025 0.295 0.007 0.011 38.0 
53471 
53472 
28.07 
26.52 
5.34 
5.87 
2.90 
2.23 
0.05 
0.01 
0.39 
0.41 
0.36 
0.37 
0.03 
0.03 
0.003 
0.003 
0.043 
0.043 
1.177 
1.229 
0.026 
0.010 
0.295 
0.287 
0.008 0.008 38.7 
0.008 0.010 37.0 
53473 29.59 6.43 3.66 0.11 0.49 0.40 0.04 0.003 0.078 1.478 0.062 0.355 0.010 0.012 42.7 
53474 28.14 5.03 2.52 0.09 0.29 0.36 0.04 0.060 0.000 1.237 0.022 0.303 0.008 0.008 38.1 
53475 27.91 5.19 2.03 0.19 0.31 0.39 0.03 0.037 0.007 1.378 0.013 0.303 0.008 0.008 37.8 
53476 28.33 4.66 1.75 0.03 0.31 0.43 0.04 0.088 0.007 1.984 0.022 0.251 0.008 0.008 37.9 
53477 29.59 4.50 1.61 0.04 0.25 0.43 0.04 0.093 0.007 1.536 0.022 0.268 0.008 0.008 38.4 
53478 29.73 4.18 1.47 0.02 0.22 0.38 0.05 0.065 0.007 2.192 0.017 0.251 0.008 0.008 38.6 
53479 28.61 4.60 3.01 0.06 0.24 0.36 0.04 0.070 0.007 1.179 0.031 0.277 0.008 0.008 38.5 
53481 32.72 4.02 2.17 0.03 0.21 0.43 0.03 0.163 0.000 J..212 0.026 0.182 0.008 0.008 41.2 
53484 29.92 4.39 2.10 0.03 0.24 0.39 0.03 0.084 0.007 1.710 0.035 0.294 0.008 0.000 39.2 
53486 28.14 5.40 2.80 0.03 0.36 0.39 0.03 0.056 0.007 1.079 0.044 0.354 0.008 0.008 38.7 
53488 28.28 5.13 2.52 0.03 0.34 0.42 0.04 0.051 0.007 1.370 0.035 0.320 0.008 0.008 38.6 
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SITE 7  
Saaple Si  A1  Hg Li  Ha Ti  sr 
53613  26.2B 6 .10  2 .52  0 .07  0 .63  0 .67  0 .03  0 .003  0 .283  1 .640  0 .067  0 .368  0.016 
53615  27 .82  5 .58  2 .57  0.06 0 .46  0 .49  0.00 0 .003  0 .184  1 .360  0 .056  0 .372  0 .013  
53617  29 .60  4 .84  2 .30  0 .07  0 .24  0 .30  0 .00  0 .003  0 .257  1 .097  0 .029  0 .371  0.008 
S3619  26 .74  6 .13  2.88 0 .09  0 .33  0 .29  0.00 0 .004  0 .153  0.881 0 .014  0 .346  0.006 
53621  2 6 . 2 2  7 .28  3 .52  0 .01  0 .49  0 .42  0.00 0 .004  0 .141  0 .867  0 .330  0 .007  
53622  27 .56  6 .56  3 .33  0.01 0 .33  0 .38  0.00 0 .003  0 .179  0 .823  0 .014  0*295  0 .007  
53623  29 .47  5 .58  2 .94  0 .01  0 .25  0 .37  0.00 0.002 0.226 0 .983  0 .014  0.260 0.008 
S3624  5 .02  3 .04  0.01 0 .27  0 .35  0.00 0.002 0.268 1.012 0 .013  0 .219  0 .009  
53626  30 .25  5 .09  1 .69  0 . 0 1  0 .37  0.00 0 .014  0.214 0,010 
53628  30 .36  4 .69  2.00 0.22 0 .36  0 .00  0 .003  0 . 2 8 8  1 .653  0 .027  0 .259  0 .009  
53629  2 6 . 6 8  7 .12  3 .23  0 .03  0 .52  0 .52  0 . 0 0  0 .004  0 .223  1 .730  0.028 0 .366  0 .009  
53630  25 .88  7 .55  3 .44  0 . 0 2  0 .56  0 .56  0 . 0 0  0 .004  1 .500  0 .040  0 .388  0 .009  
S3631  25 .92  3 .93  0 .03  0 .57  0 . 0 0  0 .003  0 .194  1,122 0 .039  0 .009  
SITE 8 
Sample Si Al Pe Mn Mg Ca Ba 1.1 Ha K P Ti Sr ZD (Total 
% 
53632 28.10 6.34 2.93 0.10 0.61 0.66 0.01 0.003 0.413 1.362 0.068 0.358 0.015 0.011 41.0 
53633 27.01 6.13 2.58 0.05 0.62 0.65 0.00 0.002 0.412 1.456 0.064 0.336 0.016 0.009 39.3 
53634 28.71 5.68 2.73 0.07 0.49 0.53 0.01 0.003 0.348 1.149 0.050 0.329 0.013 0.008 40.1 
53635 29.61 5.32 2.41 0.04 0.43 0.45 0.01 0.003 0.321 0.900 0.038 0.324 0.011 0.005 39.9 
53636 30.87 4.64 1.94 0.02 0.34 0.37 0.02 0.003 0.286 0.917 0.023 0.311 0.010 0.006 39.7 
53637 39.44 4.73 1.93 0.02 0.20 0.28 0.00 0.003 0.419 1.237 0.029 0.323 0.007 0.011 48.6 
53638 38.26 5.34 2.14 0.03 0.33 0.30 0.00 0.003 0.510 1.259 0.025 0.310 0.007 0.005 48.5 
53639 37.20 5.64 2.46 0.02 0.28 0.28 0.00 0.002 0.508 1.261 0.028 0.300 0.007 0.010 48.0 
53642 35.82 5.74 2.81 0.03 0.34 0.31 0.00 0.002 0.562 1.169 0.025 0.287 0.007 0.007 47.1 
53644 35.87 5.55 2.64 0.02 0.31 0.33 0.00 0.002 0.492 1.316 0.031 0.300 0.008 0.008 46.9 
53645 36.60 5.53 2.71 0.04 0.34 0.33 0.00 0.002 0.544 1.412 0.057 0.321 0.008 0.019 47.9 
53646 36.43 5.27 2.50 0.05 0.34 0.34 0.00 0.002 0.600 1.411 0.060 0.322 0.008 0.011 47.3 
53651 37.83 4.07 1.66 0.02 0.19 0.35 0.00 0.001 0.727 1.433 0.021 0.231 0.009 0.007 46.5 
53652 39.02 3.84 1.64 0.11 0.17 0.35 0.00 0.005 0.697 1.214 0.040 0.245 0.010 0.004 47.3 
53653 43.02 2.79 0.68 0.01 0.09 O.35I 0.00 0.000 0.715 0.777 0.025 0.163 0.010 0.000 48.6 
409 
APPENDIX G; 
SAMPLE PREPARATION FOR X-RAY ANALYSIS 
410 
SAMPLE PREP2^TI0N FOR Z-RAY ANALYSIS 
Part One: Mg Saturation and Freeze Drying 
I. Reagents needed: 
1 N magnesivim chloride (MgCl2) 
acetone 
dry ice 
silver nitrate (AgN03) 
II. Apparatus: 
1. 250-ml centrifuge bottles 
2. stirring rods 
3. centrifuge 
4. dialysis tubing 
5. 250-ml plastic beakers 
6. Acetone-dry ice bath 
7. Freeze dryer 
III. Procedure: 
1. Transfer coagulated clay to two 250-ml centrifuge 
bottles, or pair with another sample. 
2. Balance the bottles and centrifuge at 1500 rpm for 5 
min. Decant the supernatant liquid. 
3. Add 100 ml of IN MgCl2 to the bottle. Cap and 
disperse by shaking. 
4. Centrifuge and decant clear liquid. Repeat salt wash 
two more times. 
Dialysis technique to remove excess salt 
1. Prepare dialysis tubing by cutting a length about 3 0 
cm long and soaking it in distilled water for about 30 sec. 
Open the tube by gently rubbing the two sides together. Close 
off one end by twisting it tightly, folding over the end, and 
securing it with a rubber band. 
2. Using a minimum amount of distilled water, transfer 
the clay from the centrifuge bottle through a funnel into the 
dialysis tube. Leave 3-4 cm at the top of the tub^ and close 
it with another rubber band. 
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3. Place the filled tubing in a large container of 
distilled water. Dialyze for about 2-3 days, changing the 
water 2-3 times each day. With AgNOs, test for Cl~ in a 
subsample of the dialysis water. Alternatively, monitor the 
electrical conductivity of the dialysis water. 
4. Carefully transfer each sample to a plastic beaker by 
opening one end of the tubing and squeezing out the clay 
suspension. Label the beaker by marking in pencil on a piece 
of tape attached to the outside. 
5. Quick-freeze the suspension in an acetone-dry ice 
bath, as demonstrated by the instructor. Cover each beaker 
with a tissue held on by a rubber band. The frozen samples 
may be stored in a freezer until they are transferred to the 
lyophilizer, but try to keep the temperature as low as 
possible. 
6. After clay samples are dried in the lyophilizer, 
homogenize them and store for future analyses. 
Chemicals needed for this procedure: 
C 
• 
r 
c 
1 
n 
0 
0 
• 
n 
c 
o 
T 
r 
0 
9 
1 
V 
• 
T 
0 
X 
1 
e 
1 
ff 
r 
1 
t 
• 
n 
t 
s 
• 
n 
s 
1 
t 
1 
z 
• 
r 
H 
1 
g 
h 
y 
T 
0 
X 
1 
c 
C 
0 
m 
b 
u 
• 
f 
1 
b 
1 
• 
c 
o 
m 
P 
r 
• 
• 
• 
• 
d 
Q 
• 
• 
E 
X 
P 
1 
0 
• 
1 
¥ 
• 
F 
• 
m 
m 
• 
b 
• 
0 
r 
a 
• 
n 
1 
e 
P 
• 
r 
0 
X 
1 
d 
« 
t 
0 
X 
d 
I 
z 
• 
r 
P 
y 
f 
o 
P 
h 
0 
r 
1 
c 
u 
n 
• 
t 
• 
b 
1 
• 
W 
• 
t 
e 
r 
R 
• 
• 
e 
t 
i 
V 
c 
Storage 
precautions 
and 
Chemical Name Target incompatibiliti 
68 Organ 
Acetone X SKIN. EYE X IGNITION SOURCES. OXIDfZBlS 
Magnesium X X SKIM, EYE X METALS 
chloride 
Dry ice (carbon X SKJN. GAS DOES NOT SUPPORT UFE USE GLOVES 
dioxide solid) 
Silver nitrate X X MALE FERTlLmr; MAY BE FATAL IP INHALED. 
SWAaOWED. OR 
ABSORBED 
THROUGH SKIN: 
MUCOUS, RESP. 
EYES. SKIN 
X TOXIC FUMES IN FIRE; 
STRONG REDUQNG 
AGENTS, AMMONIA, 
EXPOSURE TO UGHT, 
STRONG BASES, 
ALCOHOLS. MAGNESIUM, 
BROMIDES. CARBONATES. 
CHLORIDES, IODIDES. 
7HI0CYANATES. FERROUS 
SALTS. PHOSPHATES, 
TANNIC ADD. TARTRATES 
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Part Two: Potassiiim Satiiration/ Glycerol Solvation, and Tile 
Preparation 
A. Reagents needed: 
1. IN potassium chloride (KCl) 
2. 0.5 N potassium hydroxide (KOH) 
3. 95% acetone 
4. Silver nitrate (AgNOs) solution 
5. Glycerol (20% solution) 
B. Materials needed: 
1. One 50-ml polyethylene centrifuge tube 
2. Two 50-ml beakers 
3. centrifuge 
4. Vortex mixer 
5. Ultrasonic probe 
6. two, 28x58 mm ceramic tiles 
7. Vacuum system and holders for ceramic tiles 
8. One 10-ml graduated pipet 
C. Procedure: 
1. Weigh out 0.49 g of freeze-dried Mg-clay 
2. Transfer clay to a 50-ml centrifuge tube 
3. Add 20 ml of 1 N KCl. Stopper tube and disperse the 
clay by mixing on the Vortex mixer. 
4. Balance tubes and centrifuge at 1500 rpm for 5 
minutes. Decant clear liquid. 
5. Repeat salt wash two more times. 
6. Wash K-clay free of excess salt by using successive 
30-ml distilled water washes. If partial dispersion occurs 
before excess salt is completely removed , the clay can 
usually be sedimented by acidifying the solution (1-2 drops of 
0.1 M HCl) or by washing with 95% acetone. Completeness of 
wash can be determined by adding one drop of AgNOs solution to 
the decanted. clear solution and checking for a white 
precipitate of AgCl. 
7. When washing is complete, add 20 ml of distilled 
water and disperse for one minute with an ultrasonic probe 
(microtip) (power setting of 3 to 4). Note: For good 
dispersion, clays high in Fe oxides may require addition of 
one to two drops of 0.5 N KOH prior to sonification. 
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8. Transfer K-clay to a labelled, 50-inl beaker. 
9. Weigh 0.245 g of Mg-clay and transfer to a labelled, 
50-inl beaker. 
10. Add 15 ml of H20 and disperse as in step 7. 
11. prepare one Mg-saturated specimens and one K-
saturated specimens by vacuum plating sample suspensions onto 
ceramic tiles as follows: 
a. Position assembled holder in top of a vacuum flask. 
b. Label ceramic tile with an ordinary graphite pencil. 
Place tile in contact with the rubber gasket. 
c. Turn on water at aspirator (or use house vacuum) and 
check for air leaks (vacuum gauge should register 25 to 30). 
d. Add 50 mg clay suspension to the tile surface a 
little bit at a time to be sure that the suspension does not 
stand on the surface and allow fine clay to drift to the top 
of the suspension. 
e. Turn off water at aspirator and release vacuum. 
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Chemicals needed for this procedure: 
Chemical Name Target 
Organ 
Storage 
precautions 
and 
incompatibiliti 
Acetone SKIN. EYES IGNITION SOURCES. OXIDCBtt 
Glycerol EYE INHALATION lONmON SOURCES. STRONG OMOfZINO 
MAtaiAiS 
Potassium chloride EYE ACIDS. TRlFLUOnOE. STEEL SUtf UWC SCID 
Potassium 
hydroxide 
SKIN. EYE WATBt ACIDS. 
FLAMMABLES. ALUMINUM. 
ZINC. TIN 
Silver nitrate MALE FERTILITY: MAY BE FATAL IF 
INHALED, 
SWALLOWED. OR 
ABSORBED 
THROUGH SKIN: 
MUCOUS, RESP, 
EYES, SKIN 
TOXIC FUMES IN FIRE: 
STRONG REDUCINO 
AGENTS, AMMONIA, 
EXPOSURE TO LK3HT, 
STROMO BASES, 
ALCOHOLS, MAGNESIUM, 
BROMIDES, CARBONATES, 
CHLORIDES, IODIDES, 
THIOCYANATES, FERROUS 
SALTS, PHOSPHATES, 
TANNICACID. TARTRATES 
Suggested reading: 
(1) Rich, C. I. and R. I. Barnhisel. 1977. Preparation of 
clay samples for X-ray diffraction analysis, pp. 797-808. In 
Dixon, J. B. and Ve&d, S. B. (eds.), Minerals in Soil 
Environments. Soil Sci. Soc. Amer. Madison, Wis. 
(2) Whittig, L. D. and W.R. Allardice. 1986. X-ray 
diffraction techniques, pp. 342-349. In Klute, A. (ed.), 
Methods of Soil Analysis, Part 1. 2nd Ed., Amer. Soc. Agron. 
Madison, His. 
Note: This procedure was prepared by Dr. Michael 
Thompson and his staff technicians in Agronomy Dept. of Iowa 
State University and then it was modified and adapted by the 
author to use in this study. 
415 
APPENDIX H; 
X-RAY PATTERNS 
oK SIEMENS * 
o DIFFRAC--5000 
SITE 1 (UPLAND) 
Mg-saburated & glycerol solvated <2|.un 
UJ 
5BCtb 
4^  
a. ii. 
2Ab 
1^ . 
TWO - THETA (DEGREES) 
H). s. "ife. 
_ K SIEMENS a 
DIFFflAC-5000 
SITE 2 (UPIAND) 
Mg-saturated & glycerol solvated <2Lun 
>-[- Oo 
cn 
4BCtb 
' 2Ab 
15^ ST 
TWO - THETA (DEGHEES) 
SIEMENS * 
:DIFFHAC-5000 
SEHIta 1 OFFSET: A. 
SEHieS: 1 OFFSET; 4. 
SmiES: 1 OFFSET: 4; 
SITE 4 (LOESS-COVERED, HIGH TERRACE) 
Mg-saturafced & glycerol solvafced <2(im 
6BCb 
6Btb 
S#v -M vlttl lU 
4Btb 
4Bgb 
< 3EBb 
2Ab 
ie! 
00 
THETA (DEGREES) 
SITE 4 (LOESS-COVERED, HIGH TERRACE) 
Mg-saturabed & glycerol solvated <2|.im 
15UL 
12UU (15.5-16.5ra) I 
# 
12UU (15.5-16.5ra) J 
8M0L (10.4-10.6m) 
29^ 
TWO - THETA (DEGHEES) 
•* SIEMENS ^ 
:DIFFHAC~5000 
ScHIEB: 1 OFFSET: 4. 
SITE 5 (LOESS-COVERED, HIGH TERRACE) 
Mq-saturated & glycerol solvai:ed <2^m / 
5MOL 
If 
>• o 
*- Oo M -wHin y? *44 
! 5BCb 
>1, 
4Btb 
TWO - THETA (DEGREES) 
32. 
oX SIEMENS H 
o DIFFHAC-SOOO 
I 1 , 
SITE 6 (LOESS-COVERED, HIGH TERRACE) 
r  ,  ,  
SERIES: 1 OFFSET: 4 SO 
Mg-saturafced & glycerol solvated <2|.ua 
5M0L 
3Btb2 
tri 
3Btbl 
y 
It: ST 
TWO - THETA (DEGREES) 
o *  SIEMENS * 
d DIFFnAC-5000 
SITE 8 (LOESS-COVERED TERRACE) 
>- o 
tl *^0 M -rHin. y> 3c-^ 
4Btb 
•nf 
'aT Ti. i5r 7/.- —I— P.O. if: 
TWO - THETA (DEGREES) 
N> 
NJ 
O* SIEMENS H 
o DIFFHAC-5000 
SITE 8 (LOESS-COVERED TERRACE) 
Hg-saturated & 
glycerol solvated <2|.im 
SHALE 
(15.5m) 
L-. M *^ln to 
LU 
7DL (13.4m)^ 
7DL (11.3m) i 
N'--vJl/Li;.r-*^-V''-'»OLl (7 • 9tll) 
TWO - THETA (DEGREES) 
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APPENDIX I; 
Mnj/Fed DEPTH FUNCTIONS 
Mnd/Fed xlOOO 
(site 0) 
0.1 10.1 20.1 30.1 40.1 
Wisconsin Loesj 
Basa) 
Loess 2Ab 
3EBb 
3Btgb 
£ 
£  4 - Y-S Paleosol 4Btgb a. 
« Q 
4Bi 
4M0L 6-
Pre-Illinolan Till 
7 - 4M0U 
Mnd/Fed xlOOO 
(Site 1) 
0 2 4 8 8 10 
2.2 
2Ab 
2.4 
2.6 
3Eb 
£ 
a. V O 
Btb 
3.2 
SBtb 
3.4 
SBCtb 3.6 
3.8 J 
Mnd/Fed xiooo 
(site 4) 
0 5 10 15 20 
Wisconsin Loess 
Basal Loess 
2 "  
2Ab 
iBEb 
3  • •  
• 4Btgb 
• • 5Btb , 
L-S Paleosol 
5 - -
Pre L-S paleosol 
• T 6Btb 
6  - •  
Mnd/Fed xiooO 
(site 6) 
0 2 4 6 8 10 
Wisconsin 
Basal Loess 
2AI 
3EBb 
3Btb 
4BCb 
5Btb? 
6IVIOL 
Fine Sediment 
(5&6) 
W 
Mnd/Fed xiOOO 
(site 8) 
0 5 10 15 20 25 
2 
Wisconsin 
Basal Loess 
Loess 3 -• 
3Eb 
4BEb 
4Btb 
E 
4 - -
a a> Q 
4BCJ 5 •• 
SDL 
6M0L) 
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APPENDIX J: 
KEYS TO SAMPLE IDENTIFICATION AND GRAPHIC SYMBOLS OF 
STRATI6RAPHIC COLUMNS 
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Sample Identification of Site 0 
Saaple UPPER LMT LOWER UMir UPPER LHW LOWER LMH' midpoint Horizon 
« in in cm cm cm or Zone 
55373 0 .0 6. 0 0 15 8 Hisconsin loess 
55374 6 .0 10. 0 15 25 20 Hisconsin loess 
55375 10 .0 15. 0 25 38 32 Hisconsin loess 
55376 15 .0 20. 0 38 51 44 Hisconsin loess 
55377 20 .0 24. 0 51 61 56 Hisconsin loess 
55378 24 .0 30. 0 61 76 69 Hisconsin loess 
55402 30 .0 36. 0 76 91 84 Hisconsin loess 
55403 36 .0 42. 0 91 107 99 Hisconsin loess 
55404 42 .0 48. 0 107 122 114 Hisconsin loess 
55405 48 .0 54. 0 122 137 130 Hisconsin loess 
55406 54 .0 60. 0 137 152 145 Hisconsin loess 
55379 60 .0 72. 0 152 183 168 Hisconsin loess 
55381 72 .0 84. 0 183 213 198 Hisconsin loess 
55382 84 .0 96. 0 213 244 229 Hisconsin loess 
55383 96 .0 8. 5 244 259 251 Hisconsin loess 
55384 8 .5 8. 9 259 271 265 Hisconsin loess 
55385 8 .9 9. 2 271 280 276 2Ab 
55387 9 .2 9. 8 280 299 290 2Ab 
55388 9 .8 10. 0 299 305 302 3EBb 
55389 10 .0 11-0 305 335 320 3Btgb 
55390 11 .0 12. 0 335 366 351 3Btgb 
55391 12 .0 13. 5 366 411 389 4Btgb 
55392 13 .5 15. 0 411 457 434 4Btgb 
55393 15 .0 16. 0 457 488 472 4Bgb 
55394 16 .0 17. 0 488 518 503 4BCgb 
55395 17 .0 18. 5 518 564 541 4M01, 
55396 18 .5 20. 0 564 610 587 4H0L 
55397 20 .0 22. 0 610 671 640 4M0L 
55398 22 .0 24. 0 671 732 701 4H0L 
55399 24 .0 25. 0 732 762 747 4H0U 
55401 25 .0 27. 0 762 823 792 4MOU 
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Sample 
* 
53573 
53574 
53575 
53576 
53577 
53578 
53579 
53581 
53582 
53583 
53584 
Sample 
« 
55585 
55586 
55587 
55586 
55589 
55590 
55591 
55592 
55593 
55594 
55595 
55596 
Sas^le 
# 
53597 
53598 
53599 
53601 
53602 
53603 
53604 
53605 
53606 
53607 
53608 
53609 
53610 
53611 
53612 
Sample Identification of Site 1 
iPpeiLMr ^lOMBtLMT upfs^iMT LCMBtiMT midpoint Horizon 
in in cm cm cm orZone 
85 90 216 229 222 2Ab 
90 96 229 244 236 3BB 
96 101 244 257 250 3BB 
101 107 257 272 264 4Eb 
114 120 290 305 297 4Eb 
120 123 305 312 309 4EB 
123 129 312 328 320 4Btb 
129 137 328 348 338 5Btb 
137 143 348 363 356 SBtb 
143 150 363 381 372 5BCtb 
150 155 381 394 387 SBCtb 
Sample Identification of Site 2 
iffcRLMr LOWERiMT (PPBIIMT LOMERLMT midpoint Horizoo 
in In cm cm cm orZone 
36 38 91 97 94 HOL 
41 42 104 107 105 HOL 
44 48 112 122 117 2Ab 
48 52 122 132 127 2Ab 
52 58 132 147 140 2«3Eb 
58 64 147 163 155 2&3Eb 
64 69 163 175 169 3Eb 
69 72 175 183 179 3EBtb 
72 78 183 198 191 4Btb 
78 84 198 213 206 4Btb 
84 89 213 226 220 4BCtb 
89 94 226 239 232 4C 
Sample Identification of Site 3 
Mr LOIVERLHT UPPtRLMT LOMERIACT midpoint |-IOriZOn 
in 0n on cm orZone 
72 78 183 198 191 2Ab 
78 84 198 213 206 3EBbt 
84 92 213 234 224 3EBbt 
92 98 234 249 241 3EBbt 
98 107 249 272 258 3Bbt 
107 115 272 292 282 3Bbt 
115 122 292 310 301 4Bbt 
122 130 310 330 320 4Bbt 
130 140 330 356 343 4Bbt 
140 150 356 381 368 4Bbt 
150 156 381 396 389 4Bbt 
156 162 396 411 404 4Bbt 
162 170 411 432 422 4Bbt 
170 180 432 457 445 4Bbt 
180 190 457 483 470 4BCbt 
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Sample Identification of Site 4 
Saople UPPER LMT LOWER LMn- UPPER IMT LOWER UMT RMPOM Hortgn 
» In m cn cm cm orZorw 
53546 80 8i 203 211 207 2Ab 
53547 83 89 211 226 218 2Ab 
53548 89 97 226 246 236 3EBb 
53549 97 105 246 267 257 3Efib 
535S0 105 110 267 279 273 3Bb 
53551 110 117 279 297 288 4Bgb 
53552 117 123 297 312 305 AB^b 
53553 123 131 312 333 323 4Bgb 
53554 131 143 333 363 348 4Bgb 
53555 143 156 363 396 380 4Bgb 
53556 162 171 411 434 423 SBtb 
53557 .171 190 434 483 458 SBtb 
53558 190 196 483 498 490 SBtb 
53559 196 202 498 513 505 SBtb 
53561 202 209 513 531 522 6Ab 
53562 209 219 531 556 544 6Btb 
53563 219 228 556 579 568 6Btb 
53564 228 238 579 605 592 6Btb 
53565 258 263 655 668 662 6H0L 
53566 263 280 668 711 690 6H0L 
53567 280 288 711 732 721 70L 
53568 288 292 732 742 737 70L 
53569 292 296 742 752 747 70L 
53570 296 303 752 770 761 7H0L 
53571 303 306 770 777 773 7H0L 
53572 306 309 777 785 781 7H0L 
55299 26 27 792 823 808 7«8HOL 
55301 28 30 838 914 876 SOL 
55302 30 31 914 945 930 BOL 
55303 33 34 991 1036 1013 8HDL 
55304 35 37 1067 1113 1090 8DL 
55305 37 38 1128 1143 1135 9DI. 
55306 37 40 1119 1219 1169 9DL 
55307 40 41 1219 1250 1234 9DL 
55308 41 42 1250 1280 1265 aooL 
55309 42 43 1280 1311 1295 lOOL 
55310 43 44 1311 1341 1326 lOOL 
55311 44 45 1341 1372 1356 lOOL 
55312 45 46 1372 1402 1387 lOOL 
55313 46 47 1402 1433 1417 lOOL 
55314 47 48 1433 1463 1448 IIUU 
55315 48 49 1463 1494 1478 IIUU 
55316 49 50 1494 1524 1509 IIUU 
55317 50 51 1524 1554 1539 IIUU 
55318 51 52 1554 1585 1570 12UU 
55319 52 53 1585 1615 1600 12UU 
55321 53 54 1615 1646 1631 12UU 
55322 54 55 1646 1676 1661 12UU 
55323 55 56 1676 1707 1692 12UU 
55324 56 57 1707 1737 1722 I3UU 
55325 57 58 1737 1768 1753 a3UU 
55326 58 59 1768 1798 1783 i3m7 
55327 59 60 1798 1829 1814 13UU 
55328 60 61 1829 1859 1844 14UL 
55329 61 62 1859 1890 1875 14UL 
55330 62 63 1890 1920 1905 14UL 
55331 63 64 1920 1951 1935 14UL 
55332 64 65 1951 1981 1966 14UL 
55333 65 6< 1981 2012 1996 14UL 
55334 66 67 2012 2042 2027 a4UL 
55335 67 68 2042 2073 2057 14UL 
55336 68 69 2073 2103 2088 15UL 
55337 69 70 2103 2134 2118 15UL 
55338 70 71 2134 2164 2149 ISUL 
55339 71 72 2164 2195 2179 ISUL 
« 
534S1 
53462 
53463 
53464 
53465 
53466 
53467 
53468 
53469 
53470 
53471 
53472 
53473 
53474 
53475 
53476 
53477 
53478 
53479 
53481 
53482 
53483 
53484 
53485 
53486 
53487 
53488 
53489 
53490 
53491 
53492 
Sample 
# 
53613 
53614 
53615 
53616 
53617 
53618 
53619 
53621 
53622 
53623 
53624 
53625 
53626 
53627 
53628 
53629 
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UPPERUMTT 
in 
Sample Xdentificatioa of site 5 
LOWER UMn* UPPER UMIT LOWER LIMIT mWpoint 
cm 
Horizon 
or Zone 
85.0 90.0 216 229 222 2Ab 
90.0 94.0 229 239 234 3EBb 
94.0 103.0 239 262 250 3BEb 
103.0 113.0 262 287 274 3BEb 
113.0 122.0 287 310 298 4Btb 
122.0 130.0 310 330 320 4Btb 
130.0 141.0 330 358 344 4Btb 
141.0 148.0 358 376 367 4Btb 
148.0 157.0 376 399 387 4Btb 
157.0 161.0 399 409 404 4Btb 
161.0 169.0 409 429 419 4Btb 
169.0 184.0 429 467 448 4Btb 
184.0 200.0 467 508 48B 4BCb 
200.0 212.0 508 538 523 4BCb 
212.0 213.0 S38 541 540 5Ab 
213.0 220.0 541 559 SSO 5Btb 
220.0 230.0 559 584 572 5Btb 
230.0 236.0 584 599 592 5Btb 
236.0 247.0 599 627 613 5H0I, 
247.0 254.0 627 645 636 5H0L 
254.0 259.0 645 658 652 SHOL 
259.0 266.0 658 676 £67 50L 
266.0 276.0 676 701 688 6H0I. 
276.0 260.0 701 711 706 60L 
280.0 286.0 711 726 719 70L 
286.0 290.0 726 737 732 70L 
290.0 300.0 737 762 749 70L 
300.0 313.0 762 795 779 7H0L 
313.0 320.0 795 813 804 7H0L 
320.0 340.0 813 864 838 7RL 
340.0 346.0 864 879 871 70L 
S&aple Identification of Site 7 
UPPER UMrr LOWER UMIT UPPER UMIT LOWER UMFT 
in in cm cm 
midpoint 
cm 
Horizon 
orZoTM 
72 77 183 196 189 2HD1, 
77 85 196 216 206 3Ab 
85 92 216 234 225 3Sb 
92 99 234 251 243 3Bb 
99 106 251 269 260 3Eb 
106 112 269 284 277 3BEb 
112 115 284 292 288 4Btb 
115 127 292 323 307 4Btb 
127 136 323 345 334 4Btb 
136 144 345 366 356 4Btb 
144 151 366 384 375 4BCtb 
151 159 384 404 394 4BCtb 
159 164 404 417 410 4BCb 
164 171 417 434 425 4BCb 
171 178 434 452 443 4H0L 
178 194 452 493 472 5Bb? 
194 200 493 508 500 5Bb7 
200 211 508 536 522 SBb7 
432 
Sample Identification of site 6 
Sample UPPER UMIT LOWER UMIT UPPER UMIT LOWER LIMIT midpoint Hotizi 
« in in , em cm cm cxZo 
53513 83 90 211 229 220 2Ab 
53514 90 96 229 244 236 3EBb 
53515 96 106 244 269 257 3EBb 
53516 106 111 269 282 276 3BEb-. 
53517 111 114 282 290 286 3Btb 
53518 114 120 290 305 297 3Btb 
53521 120 130 305 330 318 3Btb 
53522 130 140 330 356 343 3Btb 
53523 140 151 356 384 370 3Btb 
53524 151 161 384 409 396 4BCtb 
53525 161 171 409 434 422 4BCtb 
53526 171 186 434 472 453 5BCtb 
53527 186 196 472 498 485 5H0L 
53528 196 204 498 518 508 5H0L 
53529 204 215 518 546 532 6Btb 
53530 215 224 546 569 558 6H0L 
53531 224 234 569 594 582 6H0L 
53532 234 247 594 627 611 6H0L 
53533 247 257 627 653 640 6H0L 
53534 257 267 653 678 665 6H0L 
53535 267 270 678 686 682 6H0L 
53536 270 279 686 709 597 6H0L 
53537 279 286 709 726 718 6H0L 
5353B 286 301 726 765 745 6H0L 
53539 301 315 765 BOO 782 6H0L 
53541 315 328 800 833 817 6M0L 
53542 328 346 833 879 856 6H0I. 
53543 346 356 879 904 892 7H0L 
53544 356 368 904 935 919 7HDL 
55408 368 378 935 960 947 7TO 
55409 378 384 960 975 968 7UU 
55410 384 396 975 1006 991 70U 
55411 396 401 1006 1018 1012 7U0 
55412 401 402 1018 1021 1020 7DU 
55413 402 408 1021 1036 1029 7on 
55414 408 414 1036 1052 1044 7UU 
55415 414 420 1052 1067 1059 7DD 
55416 420 432 1067 1097 1082 70U 
55417 432 444 1097 1128 1113 70U 
55418 444 480 1128 1219 1173 700 
55419 480 516 1219 1311 1265 700 
55421 516 552 1311 1402 1356 700 
55422 552 588 1402 1494 1448 700 
55423 588 612 1494 1554 1524 8H0V 
55424 612 636 15S4 1615 1585 8H0U 
55425 636 660 1615 1676 1646 9UL 
55426 660 684 1676 1737 1707 9DL 
55427 684 708 1737 1798 1768 90L 
55428 708 720 1798 1829 1814 9DL 
55429 720 732 1829 1859 1844 lOOL 
55430 732 744 1659 1890 1875 mixed 
55431 744 768 1850 1951 1920 mixed 
55432 768 792 1951 2012 1981 shale 
55433 792 804 2rjl2 2042 2027 shale 
55434 804 816 2042 2073 2057 shale 
SMpb 
i 
53632 
53633 
53634 
53635 
53636 
53637 
53638 
53639 
53641 
53642 
53643 
53644 
53645 
53646 
53647 
53648 
53649 
53650 
53651 
53652 
53653 
55341 
55342 
55343 
55344 
55345 
55346 
55347 
55348 
55349 
55350 
55351 
55352 
55353 
55354 
55355 
55356 
55357 
55358 
55359 
55361 
55362 
55363 
55364 
55365 
55366 
55367 
55368 
55369 
55370 
55371 
55372 
SmpI* 
• 
53493 
53494 
53495 
53496 
53497 
53498 
53499 
433 
Sample Identification of Site 8 
UPPER UMrr tOVICRUUIT UPPER UMTT LO^fERUMT mMpoM Hortcen bi hi cm cm an erZflM 
79.0 84.0 201 213 207 HOL 
84.0 90.0 213 229 221 2Ab 
90.0 96.0 229 244 236 3Eb 
96.0 102.0 244 259 251 3Eb 
102.0 110.0 259 279 269 3Eb 
110.0 115.0 279 292 286 3Eb 
115.0 125.0 292 318 305 4BEb 
125.0 133.0 318 338 328 4Btb 
133.0 141.0 338 358 348 4Btb 
141.0 150.0 358 381 370 
150.0 158.0 381 401 391 4Btb 
158.0 166.0 401 422 411 4Btb 
166.0 172.0 422 437 429 4Btb 
172.0 179.0 437 455 446 4Bb 
179.0 186.0 455 472 464 4Bb 
186.0 194.0 472 493 483 4Bb 
194.0 203.0 493 516 504 4Bb 
203.0 213.0 516 541 528 5BCb 
213.0 223.0 541 566 554 SBCb 
223.0 240.0 566 610 588 SOL 
240.0 252.0 610 640 625 SDL 
252.0 261.6 640 664 652 60L 
265.2 270.0 674 686 680 60L 
270.0 282.0 686 716 701 60L 
282.0 288.0 716 732 724 60L 
288.0 294.0 732 747 739 SOL 
294.0 300.0 747 762 754 60L 
300.0 309.6 762 786 774 GOL 
309.6 318.0 786 808 797 60L 
318.0 324.0 808 823 815 60L 
324.0 336.0 823 853 838 60L 
336.0 348.0 853 884 869 SOL 
348.0 360.0 884 914 899 6DL 
360.0 372.0 914 945 930 60L 
372.0 384.0 945 975 960 60L 
384.0 396.0 975 1006 991 60L 
396.0 420.0 1006 1036 1021 7DL 
408.0 432.0 1036 1097 1067 7DL 
432.0 444.0 1097 1128 1113 7DL 
444.0 456.0 1128 1158 1143 7DL 
456.0 468.0 1158 1189 1173 7DL 
468.0 480.0 1189 1219 1204 70L 
480.0 492.0 1219 1250 1234 7DL 
492.0 504.0 1250 1280 1265 7DI. 
504.0 528.0 1280 1341 1311 7DL 
528.0 540.0 1341 1372 1356 7DL 
540.0 552.0 1372 1402 1387 8UL 
552.0 564.0 1402 1433 1417 SUL 
564.0 576.0 1433 1463 1448 8UL 
576.0 600.0 1463 1524 1494 mixed 
600.0 612.0 1524 1554 1539 mixed 
612.0 624.0 1554 1585 1570 shale 
Sample Identification of Site 9 
UmKUHIT lOWERUMT UmmiMT lOWERUHIT 
32.0 39.0 81 99 90 2KDL 
39.0 44.0 99 112 105 2Ab 
44.0 54.0 112 137 124 3EBb 
S4.0 65.0 137 165 151 3EBb 
65.0 72.0 165 183 174 3Btb 
72.0 80.0 183 203 193 3Btb 
80.0 87.0 203 221 212 3Btb 
87.0 94.0 221 239 230 3Btb 
94.0 lOS.O 239 269 254 3Btb 
106.0 116.0 269 295 282 3Btb 
116.0 128.0 295 325 310 4Btb 
128.0 141.0 325 358 342 4Btb 
141.0 151.0 358 384 371 4Btb 
151.0 162.0 384 411 398 4BCb 
162.0 177.0 411 450 431 40L 
177.0 196.0 450 498 474 4DL 
196.0 203.0 498 516 507 4DL 
203.0 213.0 516 541 528 4H0L 
213.0 221.0 541 561 551 4H0L 
434 
Wisconsin Loess 
Basal loess 
Late Sangamon Paleosol 
Pre-Late Sangamon Paleosol 
Stratified Alluvium & Colluvium 
Clayey sediment 
Till-Like sediment 
Shale 
Stratified Sandy Alluvium 
